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Aims: (1) To assess skeletal maturation in orthodontics using hand-wrist and cervical 
vertebrae  methods  and  (2)  To  characterise  the  morphological  differences  of the 
craniofacial  and cervical  vertebrae morphologies  at different growth stages  in two 
different populations.
Subjects and Methods for the main study: The study included 2,167 subjects with 
hand-wrist  and  lateral  cephalometric  radiographs.  Of  these,  there  were  648 
Indonesian  males,  303  Caucasian  males  (age  range  10-17  years),  774  Indonesian 
females  and  442  Caucasian  females  (age  range  8-15  years).  Each  hand-wrist 
radiograph was observed and classified according to the Skeletal Maturation Index 
(SMI) (Fishman,  1982). Similarly, cervical vertebrae maturation was assessed using 
lateral cephalometric radiographs. The outlines of the cervical vertebrae were traced 
and  classified  according  to  the  Cervical  Vertebrae  Maturation  (CVM)  Index 
(Baccetti  et  al.,  2002).  Craniofacial  and  cervical  vertebrae  morphologies  were 
evaluated  from the  lateral  cephalograms.  Each radiograph was  initially traced  and 
then digitised using a customised computer program.
Results: 
1. Repeatability study (Chapter 2)
Kappa values showed substantial to good intra-operator repeatability for the Skeletal 
Maturation Index (SMI) and Cervical Vertebrae Maturation (CVM Index) for both 
ethnic  groups  and  these  two  methods  were  used  in  the  main  study.  For  the 
cephalometric  data,  the  Bland  and  Altman  method  and  the  Lin’s  Concordance 
Correlations  showed  acceptable  agreement  and  the  methods  were  considered 
appropriate for use in the main study.
2. Main study
o  Chapter  3:  Skeletal  maturation  stages  were  described  using  the  SMI  and 
CVM Index. On average, the Caucasian children attained each maturational 
stage at an earlier age than their Indonesian peers although the differences 
were  less  obvious  in  females  than  in  males.  Multiple  regression  analysisAbstract
showed that, on average at any given age, the Caucasian males were  1   SMI 
stage ahead of the Indonesians, whilst the Caucasian females were around 0.5 
SMI stage ahead of their Indonesian peers, 
o  Chapter  4:  Ages  of attainment  of peak  pubertal  growth  for  the  selected 
craniofacial parameters were determined. Growth curves and growth velocity 
curves  were  constructed  for  each  of these  parameters.  The  results  for  the 
craniofacial  parameters  showed  that  the  Caucasian  males  attained  peak 
pubertal growth slightly earlier than their Indonesian peers for the majority of 
parameters.  However,  in  contrast  to  the  SMI  and  CVM  Index  results,  the 
Indonesian female, on average, reached peak pubertal growth earlier than the 
Caucasians  for  the  majority  of  parameters.  In  both  Indonesians  and 
Caucasians,  on  average,  the  females  reached  peak  pubertal  growth  of the 
craniofacial parameters earlier than the males, 
o  Chapter 5: Receiver Operating Characteristic (ROC) analysis was performed 
to assess, and compare, the ability of the SMI and CVM Index to discriminate 
between subjects who had yet to attain peak pubertal growth and those who 
had  reached,  or passed  it.  This analysis  was  based  on the  velocity  growth 
curves produced for Chapter 4. Areas Under the ROC Curve analysis (AUC) 
for the SMI (AUC > 0.9) were greater than those for the CVM Index (AUC > 
0.8)  and  the  differences  between  the  two  methods  were  statistically 
significant (P<0.05 for all parameters investigated). Nevertheless, the curves 
for both SMI and CVM approached the top left comer of the ROC graphs, 
indicating that both tests have  good discriminatory  ability.  The differences 
between the two methods ranged between only 1  and 7%. 
o  Chapter 6: Differences in the craniofacial and cervical vertebrae structures at 
different growth stages in both ethnic and gender groups were investigated. 
Growth curves were constmcted for each parameter and the 95% confidence 
intervals were plotted to allow visual assessment of whether there were any 
statistically  significant  differences  between  gender  and  ethnic  groups  for 
selected  parameters,  according to  age.  For the  majority  of parameters,  the 
differences between the two ethnic groups were not statistically significant. 
Some parameters did show statistically significant differences, however, the 
differences  were  generally  too  small  to  be  clinically  relevant,  with  theAbstract
exception of S-N, N-Ba and ANS-PNS  in males  and females.  For cervical 
vertebrae  morphology,  on  average,  the  differences  between  the  two  ethnic 
groups were not statistically significant, except for c2h (anterior height of the 
second  vertebrae),  c3ah  (anterior  height  of the  third  vertebrae)  and  c4ah 
(anterior height of the fourth vertebrae). The vertebrae tended to be greater in 
dimension in females than males in both ethnic groups, with the exception of 
the width of the vertebrae.
Conclusions:
o  Differences in the age of attainment of each skeletal maturation stage, as well 
as the age of attainment of the peak pubertal growth of selected craniofacial 
parameters,  exist  between  the  two  ethnic  and  gender  groups.  These 
differences  need  to  be  taken  into  account  in  orthodontic  diagnosis  and 
treatment planning.
o  This study also confirmed the validity of both the  SMI and CVM  Index to 
discriminate  individuals  into  those  who  have  yet  to  attain  peak  pubertal 
growth and those who have reached/passed peak pubertal growth. However, 
as the differences in the discriminatory ability were low, this study questions 
the benefit of taking additional hand-wrist radiographs when the use of lateral 
cephalograms can be optimised.
o  There  were differences  in craniofacial  and cervical  vertebrae morphologies 
between the two ethnic  and gender groups, although they were usually not 
statistically  significant.  A  small  number of parameters  showed  statistically 
significant differences, however, these differences were small and unlikely to 
be  clinically  relevant.  Therefore  this  study  suggests  that  orthodontic 
modalities commonly used in Caucasians, may also be applied in Indonesian 
subjects and that the use of the CVM Index is justified in Indonesians.
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REVIEW OF THE LITERATUREReview of the Literature
1.1. Background
1.1.1. General Introduction
Orthodontics  and  dentofacial  orthopaedics  is  defined  as  “the  area  of  dentistry 
concerned with the supervision, guidance and correction of the growing and mature 
dentofacial structures, including those conditions that require movement of teeth or 
correction  of  malrelationships  and  malformations  of  related  structures  by  the 
adjustment  of  relationships  between  and  among  teeth  and  facial  bones  by  the 
application of forces and/or the stimulation and redirection of the functional forces 
within  the  craniofacial  complex”  (Proffit  and  Fields,  2000).  The  evaluation  of 
craniofacial  growth  is  an  essential  part  of  diagnosis  and  treatment  planning  in 
orthodontics, especially if growth modification is to be carried out.
Many clinicians consider that orthodontic treatment is more effective if it is carried 
out during a period of rapid pubertal  growth  (Baccetti  and  Franchi,  2001;  Proffit, 
2002;  Pancherz  and  Von  Bremen,  2002).  It  has  been  suggested  that  growth 
modification  treatment  for the  maxilla  (e.g.  with  protraction  headgear)  should  be 
started before the peak pubertal growth of the maxilla, whilst growth modification 
for  the  mandible  (e.g.  conventional  functional  appliances)  has  been  shown  to  be 
more effective when used during peak mandibular growth rather than prior to this 
stage (Pancherz and Hagg, 1985; Baccetti et al., 2000; Faltin et al., 2003; Westwood 
et al., 2003; Baccetti et al., 2005).
Certain  parameters  may  be  used  to  identify  stages  of  growth.  These  include 
chronological  age  (Fishman,  1979),  dental  development  (Bjork  and  Helm,  1967; 
Hagg  and  Taranger,  1981;  Engstrom  et  al.,  1983),  sexual  maturation  and  voice 
changes  (Hagg  and  Taranger,  1980a)  and  increase  in  body  height  (Nanda,  1955; 
Bambha,  1961; Hunter,  1966;  Bjork and Helm,  1967;  Tofani,  1972;  Tanner et al., 
1976; Taranger and Hagg, 1980; Sullivan, 1983; Hagg et al., 1987).
The use of radiographs, such as hand-wrist radiographs, has also been advocated in 
order to  assess  skeletal  maturity  and  stages  of growth  (Greulich  and  Pyle,  1959;
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Chapman,  1972;  Grave  and  Brown,  1976;  Hagg  and  Taranger,  1980b;  Fishman, 
1982). Several human growth studies have shown that the timing of pubertal growth 
in the craniofacial region is closely related to specific ossification events and stages 
observed in the hand-wrist area of the skeleton.  Therefore, hand-wrist radiographs 
have been used as a diagnostic tool in orthodontics (Hunter,  1966; Bowden,  1971; 
Bergersen,  1972; Chapman,  1972; Tofani,  1972; Grave and Brown,  1976; Fishman, 
1982,  1987;  Flores-Mir  et  al.,  2004).  However,  there  is  also  criticism  directed 
towards the use of hand-wrist radiographs, with some researchers claiming that the 
methods  are  of  limited  value  due  to  the  complexity  of  identifying  landmarks 
(Houston et al., 1979; Houston, 1980). The fact that the child is exposed to additional 
radiation is another drawback (Houston et al.,  1979;  Houston,  1980;  Smith,  1980; 
Moore et al., 1990; Hunter et al., 2002).
In view of the limitations and disadvantages of hand-wrist radiographs,  Lamparski 
(1972) introduced a method in which he suggested the use of the Cervical Vertebrae 
Maturation (CVM)  Index to assess skeletal maturation.  A number of authors have 
found the CVM Index to be effective and clinically reliable when assessing skeletal 
maturity (O’Reilly and Yanniello, 1988; Hassel and Farman, 1995; Garcia-Femandez 
et al., 1998; Kucukkeles et al., 1999; Franchi et al., 2000, 2002; Chang et al., 2001; 
Baccetti  and  Franchi,  2001;  Baccetti  et al.,  2002,  2003;  San Roman et al.,  2002; 
Grave and Townsend, 2003a, 2003b; Flores-Mir et al., 2006). This method has the 
advantage  of eliminating  the  need  for  additional  radiographic  exposure  since  the 
vertebrae  are  already  recorded  on  most  routine  orthodontic  lateral  cephalometric 
radiographs.
1.1.2. Racial background of the Deutero-Malav ethnic group in Indonesia
Indonesia  is  the  largest  archipelago  country  stretching  over  1,919,440  km2  and 
consists of approximately  13,667  islands, only about 6,000 of which are inhabited 
(Ministry of Health of the Republic of Indonesia, 2001). There are five major islands, 
namely:  Sumatra, Java,  Kalimantan (Borneo -  bordering with Malaysian Northern 
Borneo), Sulawesi (Celebes) and Papua or Irian Jaya (West Papua -  bordering with 
Papua New Guinea) (Figure 1).
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Indonesia  is  situated  between  eastern  and  southern  Asia  and  Australia  and  the 
population  is  racially  heterogeneous.  The  original  population  of  Indonesia  was 
believed  to  be  a  race  of  dark-skinned  people  of  small  stature  classified  as 
Austronesian  who  originally  inhabited  the  whole  of  South  East  Asia,  and  it  is 
believed that they arrived in Indonesia in two waves of immigrants, the Proto-Malay 
and the Deutero-Malay (SarDesai, 2003).
The first group was believed to be the ancestors of those considered to belong to the 
Malay-Polynesian group, which spread from Madagascar to the eastern islands of the 
Pacific  and  were  said  to  have  emigrated  from  the  southern  Chinese  province  of 
Yunnan  about  2500  Before  Common  Era  (BCE).  The  latter  group,  said  to  have 
emigrated from northern Indo-China about 300 BCE, mixed with the Proto-Malays 
so that it is now impossible to recognise the differences  in modem day Indonesia 
(Vlekke, 1965, cited by Munandar and Snow, 1995; SarDesai, 2003).
The population of modem day Indonesia can still be divided into two large groups, 
namely  Malays  (of  the  Deutero-Malay  descendants)  and  Australomelanesid 
(Soewarso,  1989).  The Deutero-Malay population, which is part of the Mongoloid 
race, resides north and west of the  Wallace line, i.e. those living on the islands of 
Sumatra, Java, Kalimantan (Borneo), Bali, Lombok, and Sulawesi (Celebes). East of 
the Wallace line, the population is Australomelanesid, i.e. those living on the islands 
of  Lesser  Sunda  Islands  (e.g.  Timor),  Maluku  (Mollucas),  and  Papua.  Deutero- 
Malays  may  also  now  be  subcategorised  into  Acehnese,  Lampung,  Javanese, 
Sundanese,  Balinese,  Manadonese  and  Minahasa  depending  on  their  sub-ethnic 
cultural  identity  and  geographical  location.  For  instance,  people  whose  ancestors 
lived on Java (Central  and Eastern Java) should be called Javanese, whilst people 
whose ancestors lived on Sunda (West Java) are known as Sundanese.
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Figure 1. Map of the Republic of Indonesia.
(From http://www.cia.gov/cia/publications/factbook/geos/id.htmn
At  present,  Indonesia  has  a  population  of  almost  204  million  people,  with 
approximately 59% of them living on Java and 42% of the total population living in 
the main cities (Ministry of Health of the Republic of Indonesia, 2001). Indonesia is 
still developing towards modernisation in every sector, including health services, and 
has  made  substantial  progress  in  improving  the  health  of its  large  and  diverse 
population in the last two decades (Hotchkiss and Jacobalis, 1999) (Table 1). Dental 
services have also improved significantly during the last 20 years, with the ratio of 
dentists now in the range of 1.13 -  10.44 per  100,000 population, although Jakarta 
has  the  highest  ratio  at  10.44  per  100,000  population  (Ministry  of Health  of the 
Republic of Indonesia, 2001).
Nevertheless, orthodontic treatment is still available only in the large cities, either in 
major government hospitals, private hospitals or private dental practices. Treatment 
is demanded mainly by the middle and upper classes of society.  According to the 
Ministry of Health of the Republic of Indonesia (2001), the provision of specialist 
dental  treatment  in  major  government  hospitals  in  Jakarta,  Medan  and  Makassar 
comprises: orthodontic treatment (44.07%), oral surgery (41.83%) and prosthodontic
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care (14.10%). These figures show that there is a high demand for the provision of 
orthodontic care, especially in the larger cities.
Country Number of population served per dentist
1990 2000
Indonesia 32,560 24,852
Thailand 21,609 9,800
Singapore 3,851 3,500
United Kingdom 2,568 2,100
United States 1,784 1,810
Table 1. The number of population served per dentist in selected countries. 
(Source: World Dental Federation (FDI) Official Website 
http://www.fdiworldental.Org/resources/3  Ofacts.html)
Although Indonesia was hit terribly by the 1997 economic and political crisis, many 
analysts  predict  the  return  of regional  stability  and  economic  growth  in  the  near 
future (Widiatmoko and Gani,  1999). The government has also set the campaign of 
“Indonesia Sehat 2010” (Healthy Indonesia by 2010) which includes improvement in 
quality and provision of dental care throughout the country. This will inevitably have 
an effect on the provision of health services, as well as more people being able to 
obtain  access  to  orthodontic  treatment  (Ministry  of  Health  of  the  Republic  of 
Indonesia, 2001).
There have been few large scale research studies in orthodontics in Indonesia. Those 
that have been undertaken have focused on the occlusal features of the Indonesian 
population (Johnson et al.,  1978; Schlegel and Satravaha,  1986), soft tissue profile 
(Koesoemahardja,  1986), craniofacial morphology using Ricketts analysis (Kusnoto, 
1988), cephalometric analysis of Deutero-Malay Indonesians using Down’s analysis 
(Munandar and Snow,  1995), mesiodistal crown diameters of the primary dentition 
of  Indonesian  Javanese  children  (Kuswandari  and  Nishino,  2002)  and  the 
correlations  between  maximum  bite  force  and  craniofacial  morphology  of young 
adult Indonesians (Sondang et al., 2003). Unfortunately, there is limited information 
regarding  skeletal  development  of  Indonesian  children  of Deutero-Malay  ethnic 
origin.  In  addition  to  that,  there  are  no  studies  investigating  the  differences  in 
craniofacial and cervical vertebrae morphology between Indonesian and Caucasian
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children.  The  findings  of the  present  study  will  add  to  the  existing  database  of 
information  and  provide  a  valuable  clinical  tool  for  the  purpose  of orthodontic 
diagnosis and treatment planning.
1.2.  Growth of the craniofacial complex
1.2.1.  Growth mechanisms of the craniofacial complex
Growth  and  ossification  of the  craniofacial  complex  occurs  in  two  basic  modes: 
endochondral (growth and ossification using a cartilage model) and intramembranous 
(growth and  ossification  by transformation of mesenchymal  connective tissue  and 
deposition of bone on existing bone surface) bone formation (Moyers, 1988).
Endochondral (cartilaginous) bone formation
In this mode of bone formation, the original mesenchymal tissue becomes cartilage. 
Cartilage is different from bone as it has the ability to grow in size by interstitial 
increase and is not restricted to the addition of new layers onto the existing surface. 
Cartilage cells then hypertrophy and their matrix becomes calcified. Following this, 
the  cells  degenerate  and  osteogenic  tissues  invade  and  replace  the  dying  and 
disintegrating cartilage (Moyers, 1988; Thilander, 1995; Proffit and Fields, 2000).
The conversion of cartilage involved in craniofacial growth occurs at synchondroses, 
the nasal septal cartilage and the condylar cartilage.  Synchondroses are involved in 
so-called  “displacement”  growth  in  the  cranial  base  and  the  spheno-occipital 
synchondrosis  is  regarded  as  being  the  most  important.  The  spheno-occipital 
synchondrosis  ceases  growth  activity  at  about  12  to  15  years  of age,  with  the 
sphenoid and occipital segments becoming fused at about 20 years of age (Enlow, 
1996).  The  role  of  the  nasal  septal  cartilage  in  postnatal  midfacial  growth  is 
secondary to, and compensatory for, a prior passive displacement of the midfacial 
bones, although it also plays a significant biomechanical role in maintaining normal 
midfacial form.  The condylar cartilage is known as a secondary cartilage and it is
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different structurally from epiphyseal and synchondrosal cartilage. It is involved in 
regional adaptive growth and is not a major primary growth centre for the mandible. 
Moreover,  the  condyle  has  a  great  capacity  to  adapt  to  mandibular  displacement 
during growth (Moyers, 1988; Enlow, 1996).
Intramembranous bone formation
In intramembranous bone formation, the undifferentiated mesenchymal cells of the 
membranous connective tissue form osteoblasts which produce osteoid matrix. The 
matrix or intercellular substance becomes calcified and then becomes bone (Moyers, 
1988; Thilander,  1995; Proffit and Fields, 2000). This type of growth occurs at the 
sutures and periosteum.
Displacement growth is made possible by the craniofacial  sutures,  which have the 
dual  function of permitting bone movement and uniting the bones  of the cranium. 
The fibrous component of the sutures, which consists of osteogenic layers on both 
bone surfaces, increases with age and, when growth ceases, bundles of fibres can be 
seen running transversely  across the  suture  and  further  increasing  the  mechanical 
strength of the joint (Enlow, 1996).
Growth beneath the periosteum occurs due to the presence of a periosteal cell layer 
established  by  the  initiation  of  the  intramembranous  ossification  of  bone  and 
osteoblasts  surrounding  this  layer.  This  produces  osteoid  tissue  which  forms 
incremental layers to the surface of the existing bone and functions as an osteogenic 
zone throughout life (Moyers, 1988; Proffit and Fields, 2000).
1.2.2.  Growth patterns of the craniofacial complex
Cranial base
The  cranial  base  is  formed  initially  in  cartilage  and  then  transformed  by 
endochondral ossification to bone (Proffit and Fields, 2000). In the cranial base, there 
are important growth sites in the form of synchondroses, e.g. spheno-occipital, inter-
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sphenoid,  and  spheno-ethmoidal  synchondroses.  The  timing  of the  termination  of 
growth  at these  sites  is  important.  The  inter-sphenoid  synchondrosis  fuses  before 
birth. The spheno-ethmoidal synchondrosis fuses later, at about 6 to 7 years of age, 
thus causing the anterior cranial base to remain as a stable structure. Therefore, the 
floor of the anterior cranial base is sometimes used in orthodontics as a reference line 
for superimposition (De Coster’s Line) (De Coster,  1953). As mentioned earlier, the 
spheno-occipital  synchondrosis ceases growth activity later still, at about  12 to  15 
years of age (Bjork, 1955; Enlow, 1996; Bishara, 2001).
Maxilla
The maxilla develops postnatally entirely by intramembranous ossification. As there 
is  no  cartilage  replacement,  the  maxilla  grows  by  surface  remodelling  and  by 
apposition of bone at sutures that connect the maxilla to the cranium and cranial base 
(Proffit and Fields, 2000). The growth of the cartilaginous nasal septum “carries” the 
nasomaxillary complex downward and forward. This displacement allows for growth 
at the posterior aspect of the maxilla, as well as at the maxillary tuberosities, to allow 
eruption of the permanent molars. The forward movement of the maxilla also allows 
for  enlargement  of  the  nasal  and  oral  pharynx  to  accommodate  the  increased 
respiratory functional demands of the growing child (Bishara, 2001). The nasal floor 
is lowered by downward bodily translation and at the same time undergoes surface 
remodelling.  Meanwhile  bone  deposition  occurs  on  the  oral  side  of the  palatal 
shelves of the maxillary bone. The depth of the palatal vault also increases due to the 
significant growth of the alveolar processes that occurs along with the eruption of the 
primary and permanent dentitions (Bishara, 2001).
Mandible
The mandible  is  formed by intramembranous ossification.  The original  embryonic 
primary  cartilage  of  the  mandible  (Meckel’s  cartilage)  disappears  early  during 
intrauterine life, leaving a few remnants such as the malleus, middle ear and spheno- 
mandibular  ligament.  Therefore,  the  cartilage  that  covers  the  surface  of  the
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mandibular condyle is secondary cartilage. Both endochondral and periosteal growth 
occur in the mandible (Bishara, 2001).
The growth at the head of the condyle occurs in an upward and backward direction 
and mandibular growth is then expressed as a downward and forward displacement. 
The mandible grows in length by apposition of new bone on the posterior surface of 
the  ramus  and,  simultaneously,  bone  is  removed  from  the  anterior  surface  of the 
ramus (Proffit and Fields, 2000).
1.2.3.  Growth rate and growth periods
Growth is characterised by  a series of phases, with growth rates varying between 
phases,  as  well  as  between  different  tissue  systems.  The  Scammon’s  curves  for 
growth of the four major tissue systems of the body show growth in general stature 
as well as in the neural, lymphoid and genital systems (Scammon,  1927) (Figure 2). 
These  curves  represent  postnatal  patterns  and  indicate  that  growth  of the  neural 
tissues  is  virtually  complete  by  the  age  of  6  or  7  years.  General  body  tissues 
(including muscle, bone and viscera) show an S-shaped curve with a definite slowing 
of the  growth  rate  during  childhood  and  then  acceleration  at  puberty.  Lymphoid 
tissues  proliferate  far  beyond  those  of  adults  during  late  childhood  and  then 
subsequently undergo involution at the same time that growth of the genital tissues 
accelerates rapidly (Scammon, 1927; Nanda, 1999; Proffit and Fields, 2000).
Postnatal growth periods can be divided into the infantile, juvenile, adolescence and 
adulthood  periods  (Persson  and  Thilander,  1985).  The  adolescence  period  is 
considered to  be the  most important in orthodontic treatment,  due to the  physical 
changes which affect the craniofacial complex and dentition. Adolescence is in fact a 
sexual phenomenon when sexual maturity occurs to indicate the transition between 
the juvenile stage and adulthood.  It is also the period where the adolescent growth 
spurt occurs (Taranger and Hagg,  1980). Other events, such as the change from the 
mixed  to  the  permanent  dentition,  acceleration  in  the  overall  rate  of craniofacial 
growth  and  differential  growth  of the jaws,  also  occur during  this  growth period 
(Proffit and Fields, 2000).
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Figure 2. Scammon’s growth curves. (Adapted from Proffit and Fields, 2000)
Standing height is often utilised to measure skeletal growth, which growth occurs in 
a  non-linear  fashion  from  birth  until  adulthood  (Figure  3).  Growth  velocity 
diminishes after birth, except for two spurts. The first is a small and inconsistent one 
at about 6 or 7 years of age and the second is at the time of puberty.  The growth 
velocity  increases,  peaks  and  then  decreases  during  adolescence.  At  the  peak  of 
velocity  increase  (known  as  peak  height  velocity  or  PHV),  the  average  growth 
velocity  is  about twice  that  of late  pre-pubertal  growth.  This  velocity  increase  is 
commonly known as the  pubertal  growth  spurt.  The  rapid pubertal  growth period 
starts  with  a  marked  increase  in  the  general  growth  rate  and  ends  with  the 
termination of growth (Houston, 1980; Hagg et al.,  1987).
1.2.4. Pubertal growth and craniofacial dimensions
When height is plotted against chronological  age,  a curve  is produced so that the 
growth  of an  individual  can  be  followed  longitudinally.  Based on this  curve,  the 
timing of the pubertal growth spurt can be estimated. By plotting the rate of growth 
against age,  the pubertal  growth spurt is represented by  a sharp rise  in the curve 
(Tanner et al.,  1976; Sullivan,  1983). Taranger and Hagg (1980) studied the timing
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and  duration  of adolescent  growth,  based  on  stature,  in  212  Swedish  males  and 
females. On average, they found that the pubertal spurt began at 10.0 years of age in 
females and 12.1  years of age in males and ended at 14.8 years in females and 17.1 
years in males. The PHV occurred on average two years after the onset of this spurt 
(i.e.  12.0 years in females and  14.1  years in males) and growth terminated at  17.5 
years in females and 19.2 years in males.
1
©
c a
k
JZ
Pro*  Pubertal
Infant Penod  ~  Juvenile Period  10  Adolescent Penod  1  ®Adult Period
Age (years)
Figure 3. Typical standing height growth velocity curves.
(Adapted from Persson and Thilander, 1985)
Growth of the face is closely related to growth of the body and therefore accelerates 
considerably  during  adolescence  (Ochoa  and  Nanda,  2004).  This  relationship 
between the timing of the maximum pubertal growth in body height and craniofacial 
dimensions  can  be  studied  by  comparing  average  growth  and  velocity  curves. 
Several  studies have  reported that there  is  a  close  relationship between the  mean 
growth patterns of the craniofacial dimensions and body height (Nanda, 1955; Rose, 
1960;  Bambha,  1961,  Hunter,  1966;  Pike,  1968;  Pileski  et  al.,  1973;  Roche  and 
Lewis, 1974; Baughan et al., 1979; Lewis et al, 1982). Due to this close association, 
the  adolescent  growth  spurt  in  craniofacial  dimensions  is  of  importance  in 
orthodontic  treatment as  it is  still thought that this  is  the  most effective  time  for 
treatment to commence.
12Review of the Literature
Nanda  (1955)  undertook  a  longitudinal  study  of  the  growth  of  several  facial 
parameters using a small sample of 15 Caucasian subjects (10 males and 5 females) 
aged  4  to  20  years.  Samples  were  collected  from  the  Child  Research  Council  in 
Denver, Colorado and results showed that the growth curves of 4 out of 5 parameters 
studied  (S-Gn,  N-Gn,  S-Go,  Go-Gn but not  S-N)  were  similar to  that  of general 
skeletal growth,  showing that the growth of the face has its pubertal peak slightly 
later than that of general body height. This finding was later supported by Bambha 
(1961)  who  compared  growth  of the  face  and  cranium  with  body  height  in  a 
longitudinal cephalometric study of 50 Caucasian subjects (25 males and 25 females) 
aged 1  month to 30 years. Results showed that growth of the face was similar to the 
general growth pattern, whilst cranial growth was more characteristic of the neural 
pattern. The pubertal peak occurred in 68% of males and 80% of females, with the 
majority of individuals (66%) undergoing their maximum facial growth spurt after 
that of body height rather than before it.  Sixty-seven per cent had their maximum 
facial growth spurt within 6 months of that of body height and 80% within 9 months. 
The conclusion drawn was that growth of the face and the body were  similar and 
displayed common patterns.
Hunter  (1966),  Grave  (1973)  and  Thompson  et al.  (1976)  reported  that  the  peak 
height velocity and the pubertal peak for craniofacial dimensions were coincident, 
whilst  Moore  et  al.  (1990)  reported  that  the  peak  velocities  in  standing  height, 
mandibular corpus length (Go-Gn) and anterior face height (N-Me) were coincident 
only in females, while the peak velocities for all other craniofacial parameters (S-N 
and S-Go) occurred after the peak velocity in standing height. In males, they reported 
significant  peak  velocities  in  Go-Gn,  N-Me  and  S-Go,  but  the  peak  velocities 
occurred  after  the  peak  velocities  in  standing  height.  It  appeared  that  there  are 
variations in the timing of peak pubertal growth between the craniofacial parameters 
and standing height.
Another  method  which  illustrates  the  relationship  between  the  timing  of  the 
maximum  pubertal  growth  in  statural  height  and  craniofacial  dimensions  uses 
correlational techniques. Pike (1968) reported that changes in mandibular dimensions 
(ramus height and mandibular length) were more strongly correlated with changes in
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stature  (r  =  0.64)  than  were  maxillary  components  (total  facial  height  r  =  0.41; 
maxillary  length  r  =  0.48).  However,  the  correlation  values  of the  mandibular 
components explained less than 40% of the relationship. Another study by Moore et 
al.  (1990) observed that changes in craniofacial dimensions (S-N, S-Ar, Go-Me, N- 
Me, S-Go), with the exception of changes in S-Go in females aged 10-11 years, were 
only weakly related to changes in statural height. Therefore, standing height might 
not  be  sufficiently  representative  of  the  peak  pubertal  growth  for  craniofacial 
dimensions.
Bjork (1963) investigated variations in growth patterns of the human mandible based 
on a longitudinal  radiographic  study using tantalum implants in 45  Danish males, 
aged 5 to 22 years of age. The results showed that mandibular peak pubertal growth 
occurred at a mean age of 15 years and was seen clearly in 25 subjects (Figures 4 and 
5).  However, only  11  subjects showed marked growth acceleration at puberty and 
there was a wide variation in age when maximum pubertal growth occurred.
Mean peak pubertal growth
Age (years)
Figure 4. Annual rate of growth at the mandibular condyles 
with the curve representing the mean annual growth. 
(Adapted from Bjdrk, 1963)
Lewis et al. (1985) studied variations in pubertal growth spurts in the cranial base 
and the mandible using serial cephalometric radiographs of 67  Caucasian subjects 
(34  males  and  33  females)  aged  7  to  18  years.  Pubertal  growth  spurts  occurred 
commonly in the cranial base and the mandible. In males, the incidence was greatest 
for N-Ba (94%), Go-Gn (88%), Ar-Gn (85%), whilst in females it was greatest for N- 
Ba  (91%),  S-N  (85%),  and  S-Ba  (82%).  In  females,  the  pubertal  growth  spurt 
incidence for Go-Gn and Ar-Gn was relatively lower than in their male peers (67%
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and  61%  respectively),  hence  it  seemed  that  there  was  more  variation  in  the 
incidence of mandibular pubertal growth spurts in females.
Age (years)
Figure 5. Individual curves for the growth rate at the mandibular condyle of the 25 subjects 
who showed clear mandibular peak pubertal growth.
(Adapted from BjOrk, 1963)
Franchi et al. (2000) conducted a longitudinal study looking at craniofacial growth in 
24 Caucasian subjects (15  females and 9 males) aged 3  to  18  years.  The subjects 
were selected from the University of Michigan Elementary and Secondary School 
Growth Study. The Cervical Vertebrae Maturation (CVM) Index was used to classify 
subjects  and their stages of growth.  The  results showed that peaks  in  mandibular 
growth and statural height occurred in 93.5% of individuals during CVM stages 3 to 
4. They also reported marked chronological age variation in the attainment of peak 
pubertal  growth  which  indicated  that  chronological  age  cannot  be  used  as  a 
parameter  to  assess  individual  skeletal  maturation.  It  therefore  appears  that  peak 
mandibular  growth  could  be  more  consistently  observed  when  assessed  using 
skeletal maturation stages, rather than chronological age.
1.3.  Growth modification and timing of growth modification
Growth  modification  is  a  method  of  treatment  which  aims  to  correct  skeletal 
discrepancies by guiding craniofacial growth.  The most suitable period for growth 
modification  in  orthodontics  is  still  the  subject of debate  and  controversy.  Many 
clinical  decisions are based on the rate of craniofacial  growth (Proffit and Fields, 
2002).  These  decisions  include  the  timing  and  use  of  extra-oral  traction  and 
functional  appliances,  or  decisions  with  regards  to  the  selection  and  duration  of 
orthodontic retention as well as initiation of orthognathic treatment.
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The use of growth modification appliances in Class III patients varies depending on 
where  the  skeletal  discrepancy  exists.  Guyer  et  al.  (1986)  reported  that  57%  of 
patients with either a normal or prognathic mandible also showed a deficiency in the 
maxilla. Therefore, the use of protraction headgear, in combination with a banded or 
bonded  expansion  appliance,  has  been  suggested  (Nanda,  1978;  Cozzani,  1981; 
McNamara,  1987; Turley,  1987). This technique was initially introduced by Nanda 
(1978) who showed that a force of around 500g caused anterior displacement of the 
maxilla in young and adult rhesus monkeys.
It  is  well  recognised  that  the  mid-palatal  suture  is  broad  and  smooth  during  the 
infantile  stage (age 8-10 years), whilst in the juvenile  stage (age  10-13  years) the 
sutures start to interdigitate. Finally, during the adolescent stage (age  13-14 years), 
the sutures become heavily interdigitated (Melsen, 1975; Melsen and Melsen, 1982). 
It  has  been  suggested  that  orthodontic  treatment  involving  protraction  headgear 
should  be  initiated  before  the  period  of  peak  pubertal  growth  since  growth 
modification which involves disarticulation of the palatal bone  from the pterygoid 
process is possible only in the infantile and juvenile stages, rather than in the late 
juvenile and adolescent stages, when disarticulation is often accompanied by fracture 
of the heavily interdigitated osseous surfaces (Baccetti et al., 2005).
Suda et al.  (2000) evaluated skeletal maturation in the timing of treatment of Class 
III malocclusions with protraction headgear. They investigated 60 Japanese patients 
with Class III malocclusions and found that treatment with protraction headgear at an 
earlier  stage  of  skeletal  maturation  produced  greater  forward  movement  of the 
maxilla, as well as greater increases in palatal length, compared with later treatment. 
However, these significantly greater changes occurred for SNA, Ba-N-A and ANS- 
PNS only in males. In females, the results did not show any significant differences 
between those treated at an early stage and those treated at a later stage of skeletal 
maturation.
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Cha (2003) investigated the effects of protraction headgear in combination with rapid 
maxillary  expansion  during  the  3  different  skeletal  maturation  stages  as  assessed 
using the Skeletal Maturation Index (SMI) (Fishman,  1982). Subjects were divided 
into those who were  in a phase of increasing growth velocity  (SMI  1-3), those at 
peak growth velocity (SMI 4-7) and those where the growth velocity was decreasing 
(SMI 9-11). No difference in maxillary skeletal advancement was found in the first 
two  groups,  however,  there was  significantly less  skeletal  advancement  and more 
dentoalveolar compensation  in those  who  were  in the  decreasing  growth  velocity 
group.
Franchi  et al.  (2004)  compared patients with  Class  III  malocclusions treated with 
rapid maxillary  expansion and protraction headgear  followed by  fixed  appliances, 
when treatment was initiated before the peak pubertal growth spurt (stage  1   of the 
CVM) or during peak pubertal growth (stage 3  of the CVM).  These patients were 
then  compared  with  control  groups  of  untreated  patients  with  Class  III 
malocclusions, matched on the basis of ethnicity, gender and mean age at first and 
second observations. By using Johnston’s pitchfork analysis (Johnston,  1996), they 
found  that the  maxillae  of those  treated before  peak pubertal  growth  grew by  an 
additional  1.8 mm compared with control patients. In addition, there was restriction 
in mandibular growth of around 3.5  mm when compared with controls.  Treatment 
during peak pubertal growth produced only an additional 0.7 mm of growth in the 
maxilla as compared with controls, as well as showing mandibular growth restriction 
of around 4.5 mm as compared with controls.
Mandible
The use of functional appliances in the treatment of Class II malocclusions has been 
advocated  for  decades  to  “modify”  growth.  A  functional  appliance  is  one  that 
changes the posture of the mandible, holding it open and forward so that pressures 
created by stretch of the muscles and soft tissues are transmitted to the dental and 
skeletal structures, thus moving teeth and supposedly modifying growth (Bishara and 
Ziaja, 1989). Bishara and Ziaja (1989) noted that regardless of the type of functional 
appliance used, the correction of a Class II malocclusion is generally achieved in a
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similar  manner;  by  optimising  mandibular  growth,  restraint  of maxillary  growth, 
lingual tipping of the maxillary incisors, mesial and vertical eruption of mandibular 
molars and inhibition of mesial movement of the maxillary molars. A combination of 
orthodontic (60% to 70%) and orthopaedic (30% to 40%) movements usually occurs 
(Bishara and Ziaja, 1989).
It has  been  suggested that growth  modification  in  Class  II  patients  may  be  more 
effective if carried out during a period of rapid pubertal growth (Pancherz and Von 
Bremen,  2002;  Proffit,  2002).  The  timing  of orthodontic  treatment,  in  order  to 
achieve an optimal outcome, is an issue of paramount importance to orthodontists 
(Sadowsky, 1998).
The influence of functional appliances on mandibular growth is a controversial issue, 
with  some  clinical  studies  showing  that  functional  appliances  are  effective  in 
increasing mandibular length while others state the contrary. The majority of clinical 
studies  (Aelbers and Dermaut,  1996;  Illing  et al.,  1998;  Lund  and  Sandler,  1998; 
Mills  and  McCulloch,  2000;  Baccetti  et  al.,  2000)  have  shown  that  functional 
appliances  allow  the  mandible  to  express  its’  full  growth  potential  and  perhaps 
increase mandibular length in a limited fashion.  However, whether these increases 
are clinically relevant is for each clinician to decide.
Aelbers and  Dermaut (1996)  conducted a systematic  review of Class  II  treatment 
with  orthopaedic  appliances.  Results  showed  that  most  dentofacial  orthopaedic 
appliances (e.g. headgear, activator and Herbst appliance) are valuable in orthodontic 
treatment  to  allow  sagittal  discrepancies  to  be  corrected.  The  Herbst  appliance 
appeared  to  stimulate  mandibular growth  and  this  was  reflected  in  a  mean  ANB 
reduction  of 3.5°  and  an  increase  in  mandibular  length  of 4  mm.  In contrast,  the 
activator  appliance  produced  a  mean  ANB  change  of only  0.3°  and  a  0.5  mm 
increase in mandibular length, whilst headgear produced  1.0° of ANB  change and 
increased  mandibular  length  by  1.0  mm.  This  review  concluded  that,  the  Herbst 
appliance was able to increase mandibular growth significantly, perhaps due to the 
full-time wear that it produces.
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Pancherz and Hagg (1985) investigated use of the Herbst appliance in 70 Class II 
patients.  Patients  were  divided  into  pre  pubertal  peak,  pubertal  and post pubertal 
groups  based  on  standing  height  assessment.  The  results  showed  that  sagittal 
condylar growth was most pronounced in the peak period, and the authors concluded 
that Herbst therapy is perhaps better instituted close to the attainment of peak height 
velocity.
A  similar  study  of 72  male  Class  II  division  1   patients  treated  with  the  Herbst 
appliance  related  mandibular  growth  to  chronological  age,  standing  height  and 
skeletal  maturation  of the  middle  phalanx  (Hagg  and  Pancherz,  1988).  Sagittal 
condylar growth was found to be greater (mean = 3.6 mm) in patients treated during 
maximum pubertal growth for standing height, as well as during the phase of initial 
capping of the middle phalanx of the third finger (MP3-FG).  They suggested that 
chronological  age  should  not  be  used  to  estimate  the  timing  of  treatment  for 
mandibular growth modification. Instead, they recommended the use of hand-wrist 
radiographs to assess individual skeletal maturation for the timing of treatment.
Konik et al.  (1997)  found no  difference between  subjects treated  with the  Herbst 
appliance  before  peak  pubertal  growth  (“early  treated”)  and  after  peak  pubertal 
growth (“late treated”) as classified by skeletal maturation assessment. Both groups 
showed  similar  skeletal  and  dental  effects,  except  that  proclination  of the  lower 
incisors in the  late treated subjects was  greater than in the early treatment group, 
hence this should be considered in treatment planning. They suggested that the ideal 
period for growth modification using the Herbst appliance is just after peak pubertal 
growth.
A  prospective  randomised  clinical  study  conducted  at  the  University  of  North 
Carolina, found that early treatment (before peak pubertal growth) with headgear or 
functional appliances reduced the severity of the Class II skeletal pattern in 75% of 
treated cases. Headgear caused restricted forward movement of the maxilla whereas 
the functional appliance (Bionator) produced a greater increase in mandibular length. 
These changes were significantly different from growth experienced by similar, but 
untreated, Class II children (Tulloch et al.,  1997). However, the clinical relevance is
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questionable,  as  the  changes  were  of relatively  small  magnitude.  Tulloch  et  al. 
(1998)  noted  that  in  children  with  moderate  to  severe  Class  II  problems,  early 
treatment with functional appliances followed by comprehensive treatment resulted 
in no major differences in jaw relationship or dental occlusion compared with those 
children who had one stage treatment (fixed appliances) only. This study suggested 
that early treatment might not give additional benefits to the patient and therefore 
that treatment may be undertaken during adolescence rather than prior to this.
Other  clinical  studies  have  investigated  the  effects  of  removable  functional 
appliances on mandibular growth. A prospective randomised clinical trial by filing et 
al  (1998)  used  the  Bass,  Bionator  and  Twin  Block  appliances.  The  Bionator 
produced a total increase of 3.9 ± 2.7 mm in mandibular length (measured as Co- 
Gn),  whilst  the  Twin  Block  produced  a  similar  increase  of  3.7  ±  2.1mm,  in 
comparison with 1.3 ± 3.1  mm in the control group. The Bass appliance produced a 
total of only 1.7 ± 2.5 mm increase in mandibular length. Another study by Lund and 
Sandler (1998) investigated the effects of the Twin Block appliance in a prospective 
controlled clinical study.  In their study, ANB reduction was shown to be 2° in the 
treatment group, mainly due to a 1.9° increase in SNB. An increase in the mandibular 
length of 5.1 mm (measured from Ar-Pog) was also noted, compared with 2.7 mm in 
the control group, which gave a net gain of 2.4 mm.
Baccetti et al.  (2000) investigated effects of the Twin Block appliance at different 
skeletal  maturation  stages,  as  assessed  using  the  CVM  Index.  Patients  who  were 
treated  during,  or  slightly  after,  the  onset  of peak  pubertal  growth  (“late  treated 
group”) showed a mean of 4.75 mm/year change in mandibular unit length compared 
with those who  were treated before the onset of the peak pubertal  growth  (“early 
treated group”) who showed a mean of 1.88 mm/year change in mandibular length. 
These  results  suggested  that  treatment  with  the  Twin  Block  appliance  should  be 
initiated during, or slightly after, the onset of the pubertal growth spurt in order to 
gain maximum effect.  Faltin et al.  (2003) used the Bionator appliance at different 
skeletal  maturation  stages  based  on  the  CVM  Index.  The  results  showed  that  if 
Bionator  therapy  was  initiated  during,  or  slightly  after  peak  pubertal  growth,  it 
produced  an  additional  5.1  mm  increase  in  mandibular  length  compared  with
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untreated subjects. If Bionator treatment was started before peak pubertal growth, it 
produced  only  a  mean  of  1.9  mm  increase  in  length  compared  with  untreated 
subjects.
O’Brien  et  al.  (2003)  reported  that  patients  who  were  treated  early  (before  peak 
pubertal  growth)  using  the  Twin  Block  appliance  experienced  a reduction  in  the 
severity of Class II malocclusion. However, treatment produced only an additional 
1.55 mm in mandibular length compared with control patients, and the proportions of 
overjet  and  molar  correction  related  to  skeletal  change  were  only  27%  and  41% 
respectively. Even though the skeletal change was statistically significant (a total of 
1.9 mm), it was not felt to be of clinical relevance. Therefore, the authors concluded 
that early treatment with a functional appliance does not correct a Class II skeletal 
pattern to a clinically relevant extent.
Despite the results of various randomised controlled clinical trials in orthodontics, 
Meikle (2005) criticised the conduct of several studies and felt that the researchers 
had  not  taken  into  account  variability  in  the  timing,  magnitude  and  duration  of 
pubertal dentofacial growth, differing levels of motivation, patient compliance, and 
the  inherent  inaccuracy  of cephalometric  measurements  used.  He  also  stated  that 
some of the results only confirmed the results of previous retrospective studies and 
felt  that  this  outweighed  the  high  costs  of  randomised  studies.  However,  the 
reduction  in  sources  of  bias  through  the  randomisation  process  increases  the 
confidence  with  which  the  results  may  be  interpreted.  This  does  not  necessarily 
mean, however, that any previous retrospective studies become invalid.
Cozza  et  al.  (2006)  conducted  a  systematic  review  with  an  emphasis  on  the 
mandibular growth changes produced by functional  appliances  in the treatment of 
Class  II  malocclusions.  They  included  22  studies,  4  randomised  controlled  trials 
(RCT),  2  prospective  controlled  clinical trials  (CCT),  and  16  retrospective  CCTs. 
Two-thirds  of the  22  studies  reported  clinically  relevant  increases  in  mandibular 
length  following  active  treatment  with  functional  appliances  and  that  short  term 
increases in mandibular length seemed to be greater if the treatment was carried out 
around the adolescent growth spurt. With regards to treatment timing, only 7 studies
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reported the use of skeletal maturation assessment (either by hand-wrist or cervical 
vertebrae  methods).  Those  studies  where  the  treatment  commenced  during  peak 
pubertal  growth  produced  clinically  relevant  increases  (>2.0  mm)  in  mandibular 
length. Those studies where treatment was initiated before the peak pubertal growth, 
did  not  show clinically  relevant  increases.  Cozza et al.  (2006)  also  criticised  the 
RCTs for not including adequate skeletal maturation assessment. Two of the RCTs 
(Tulloch  et  al,  1997;  O’Brien  et  al,  2003)  did  perform  skeletal  maturation 
assessment but initiated treatment before peak pubertal growth.
1.4.  Methods for assessment of skeletal maturation
Estimation  of the  pubertal  growth  spurt  is  important  in  the  timing  of treatment 
(Nanda,  1999; Franchi and Baccetti, 2002).  There is wide variation in the timing 
and  amount  of physical  growth  between  genders  at  the  beginning  of adolescent 
growth (Roche and Lewis,  1974). Furthermore, chronological age at the start of the 
growth spurt has been shown to exhibit wide variation and is inadequate for use, in 
isolation,  for growth assessment in treatment planning (Fishman,  1979;  Hagg  and 
Pancherz, 1988). Therefore, certain biological indicators have been suggested for use 
in  the  assessment  of the  level  of maturation  of each  individual.  The  biological 
indicators refer primarily to somatic changes at puberty.
The  reliability  and  efficiency  of a  biologic  indicator  of skeletal  maturity  can  be 
evaluated with respect to several fundamental requisites. Franchi and Baccetti (2002) 
suggested  that  the  features  of  an  “ideal”  biologic  indicator  to  assess  skeletal 
maturation are as follows:
•  Effective in detecting peak pubertal growth
•  Require no additional radiation exposure
•  Easy to record
•  Consistent in the interpretation of the data
•  Useful for the anticipation of the occurrence of peak pubertal growth
Many have suggested biological indicators for use in the identification of stages of 
growth,  for  example,  dental  development  (Bjork  and  Helm,  1967;  Hagg  and
22Review of the Literature
Taranger,  1981; Engstrom et al.,  1983), sexual maturation and voice change (Hagg 
and Taranger, 1980a), increase in body height (Nanda, 1955; Bambha, 1961; Hunter, 
1966;  Bjork and Helm, 1967; Tofani, 1972; Tanner et al., 1976; Taranger and Hagg, 
1980; Sullivan, 1983; Hagg et al., 1987), hand-wrist radiographs (Greulich and Pyle, 
1959; Bjork and Helm,  1967;  Chapman,  1972; Grave and Brown,  1976; Hagg and 
Taranger,  1980b;  Fishman,  1982)  and  cervical  vertebrae  maturation  (Lamparski, 
1972; O’Reilly and Yanniello, 1988; Hassel and Farman, 1995; Garcia-Femandez et 
al.,  1998; Kucukkeles et al.,  1999;  Franchi et al., 2000, 2002; Chang et al., 2001; 
Baccetti  and Franchi, 2001;  Baccetti  et al.,  2002,  2003;  San Roman et al.,  2002; 
Grave and Townsend, 2003a, 2003b; Flores-Mir et al., 2006). Each of these methods 
has its own merits and disadvantages.
Standing height
The  majority  of charts  for  assessing  growth  in  stature  are  based  on  the  average 
stature relative to chronological age. The theory behind measuring standing height to 
detect maximum pubertal growth is in the perceived association between growth in 
body  height  and  growth  in  facial  dimensions.  In  the  majority  of  subjects,  the 
adolescent peak  in  body  height  coincides  with,  or  is  slightly  before,  the  peak  in 
mandibular growth (Nanda, 1955; Bambha, 1961; Hunter, 1966; Tofani, 1972). Hagg 
et al. (1987) reported a close relationship between the pubertal peaks of facial growth 
and  standing  height.  In  addition,  Hagg  and  Pancherz  (1988)  found  that  sagittal 
condylar  growth  was  greater  (mean  3.6  mm)  in  Class  II  patients  treated  with 
functional appliances during maximum pubertal growth in standing height. However, 
Moore  et al.  (1990)  found that the peak velocities  of Go-Gn, N-Me  and  S-Go  in 
males occurred after the peak velocities for standing height.
Standing  height  measurement  remains  a  common  method  for  assessing  skeletal 
maturity  and  growth potential.  However,  in  order to  determine  the  timing  of the 
pubertal growth spurt, at least 3 consecutive recordings at 3 to 6 months intervals are 
necessary to construct an individual growth curve, in order to determine whether the 
subject is in the accelerative phase of the pubertal growth spurt (Sullivan,  1983). In 
other words, the timing of the pubertal  growth spurt cannot be determined with a
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single examination and this is one of its drawbacks, even though the method is easy 
and does not require radiographic exposure.
Dental development and eruption
Bjork  and  Helm  (1967)  assessed  the  relationship  between  the  eruption  of  all 
permanent teeth, ossification of the adductor sesamoid, peak height velocity (PHV) 
and menarche, relative to maximum pubertal growth. Correlations were low (ranging 
from  r =  0.10  to  0.42)  between  stages  of dental  eruption and  maximum pubertal 
growth. They concluded that dental development was of little value as a predictor of 
maximum pubertal skeletal growth, since the eruption to occlusal level of all canines 
and premolars (in females) and second molars (in males), could occur several years 
before or after maximum pubertal skeletal growth.
The  possibility  of using  dental  emergence  stages  to  estimate  the  pubertal  growth 
spurt  was  also  suggested  by  Hagg  and  Taranger  (1981).  They  found  a  weak 
correlation between dental emergence and PHV (r = 0.22 to 0.35) and this was of 
little value for evaluation of maturity in clinical work.
Lower third molar development has also been suggested for use in chronological age 
and skeletal maturity assessment.  Engstrom et al.  (1983)  found a high correlation 
between lower third molar developmental stage and chronological age (r = 0.77 to 
0.85),  as  well  as  between the  lower third molar developmental  stage  and  skeletal 
maturity  (r  =  0.72).  However,  there  were  great  variations  in  lower  third  molar 
development at each skeletal age. The possible impaction of third molars, as well as 
the possibility of their absence, may preclude this method for widespread skeletal 
maturation assessment.
Dental development techniques have the obvious disadvantage that misinterpretation 
of the data may arise from the influence of external factors (such as caries, trauma to 
primary teeth, early extraction, delayed eruption of permanent teeth) on the timing of 
emergence of permanent teeth and therefore may not be useful for estimation of the 
pubertal growth spurt (Hagg and Taranger, 1981).
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Sexual maturation and voice changes
Hagg and Taranger (1980a) reported that if the menarche had occurred in girls, peak 
height  velocity  (PHV)  had  been  attained  and  growth  was  decelerating.  The 
correlation between the  onset of menarche  and the  year of maximum  increase  in 
body height was r = 0.77. Menarche was found to occur between 10.7 years and 16.1 
years of age (mean 13.1 year ± 1.09). Tofani (1972) had previously noted significant 
correlations between the onset of menarche and the maximum increment of growth 
in corpus length and bigonial width of the mandible. However, the drawback of using 
the menarche as an indicator is that no menstrual bleeding occurred before PHV and 
therefore  it is probably  not a useful predictor (Tofani,  1972;  Hagg  and  Taranger, 
1980a).
Only 2% of males attained an adult male voice before the PHV (Hagg and Taranger, 
1980a) which also suggests that this method is not accurate for the prediction of peak 
skeletal  growth because the only information available would be  around the  PHV 
and later. Hagg and Taranger (1980a) noted that if a boy had a pre-pubertal voice, it 
was likely that the PHV had not yet been reached.  The correlation between voice 
change  and  maximum  increase  in  body  height  was  found  to  be  high  (r=  0.73). 
Therefore,  if a voice  change had begun, the  boy was  likely to  be  in the pubertal 
growth spurt. When a boy had a male voice, the growth rate had begun to decelerate. 
Adult voice characteristics were found to occur between  12.5 and  17.5 years of age 
(mean  15.0 years ± 0.98) and the duration of voice change varied from less than  1  
year to more than 3 years (Hagg and Taranger, 1980a).
Skeletal maturation assessed using hand-wrist radiographs
Ossification events in the hand-wrist skeleton during adolescence provide a practical 
method for estimating peak growth velocity (Helm et al., 1971; Tofani, 1972; Grave, 
1973). For example, ossification of the pisiform, hamate and ulnar sesamoid all occur 
in  the  accelerative  phase  of the  adolescent  growth  spurt,  whereas  capping  of the 
radial and phalangeal diaphyses by their respective epiphyses occur around the peak, 
followed  by  completion  of  epiphyseal  fusion  during  the  decelerative  phase
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(Chapman, 1972; Bowden, 1976; Grave and Brown, 1976; Onat and Numan-Cebeci, 
1976; Fishman, 1982).
Grave and Brown (1976) examined the peak growth velocity in stature in relation to 
a more extensive series of ossification events taking place in the hand-wrist skeleton 
around  the  time  of  puberty.  They  used  longitudinal  data  from  88  Australian 
Aboriginal  children (52 males and  36 females)  and nine ossification events in the 
hand-wrist area were studied in relation to the age at peak height velocity (Figure 6). 
The results  showed that the ossification events can be used by the orthodontist to 
assess  adolescent  growth  activity.  During  the  accelerative  period  of growth,  the 
epiphyseal width reached diaphyseal widths in the fingers and radius as well as the 
ossification of the pisiform and hamate. Then, the epiphyseal capping in the fingers 
and radius, as well as ossification of the sesamoid and hamate, occurred during the 
peak growth velocity period. Following this, the decelerative period was indicated by 
epiphyseal union in the third finger (from distal to proximal phalanges) and in the 
radius.  The highest associations were between peak growth velocity and  sesamoid 
ossification in males (r = 0.83) and capping of the middle phalanx of the third finger 
in females (r = 0.88).
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Figure 6. The Grave and Brown (1976) classification. 
(Adapted from Grave and Brown, 1976; San Roman et a l 2002)
The  Skeletal  Maturation  Index  (SMI)  (Fishman,  1982)  provides  an  organised  and 
relatively simple method to observe skeletal maturation. It represents the progression 
of maturation  from  childhood  to  adolescence.  The  SMI  employs  11  anatomical 
sites/events located on the phalanges, adductor sesamoid and the radius, excluding 
the carpal bones. These stages are shown in Table 2 and Figure 7.
Hagg  and  Taranger  (1982)  investigated  the  relationship  between  maturation 
indicators and the pubertal growth spurt using a prospective longitudinal sample of 
212 Swedish children from birth to adulthood.
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Their results suggested that:
•  If the ulnar sesamoid had not yet ossified,  PHV had not been reached. 
However, if the sesamoid had just become visible, most children were in 
the acceleration phase of the pubertal growth spurt. Eighty six per cent of 
the females and 92% males attained this latter stage.
•  If the  epiphysis  of the  third  middle  phalanx  (MP3)  is  as  wide  as  the 
metaphysis (stage FG) and there is distinct medial and/or lateral border of 
the epiphysis forming a line of demarcation at right angles to the distal 
border,  the  subject  is  in  the  pubertal  growth  spurt,  probably  in  the 
acceleration phase.  Ninety per cent of subjects  had  attained this  stage. 
However, if stage H (fusion of the epiphysis and metaphysis has begun) is 
attained, the deceleration phase of growth spurt has begun.
1   A Width of epiphysis as wide as 
diaphysis
1.  Third finger-proximal phalanx
2.  Third finger-middle phalanx
3.  Fifth finger-middle phalanx
B Ossification 4.  Adductor sesamoid of thumb
C Capping of epiphysis 5.  Third finger-distal phalanx
6.  Third finger-middle phalanx
7.  Fifth finger-middle phalanx
D Fusion of epiphysis and diaphysis 8.  Third finger-distal phalanx
9.  Third finger-proximal phalanx
10.  Third finger-middle phalanx
11.  Radius
Table 2. The Skeletal Maturation Index (SMI) stages. 
(Adapted from Fishman, 1982)
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Skeletal Maturation Index (SMI) 
Indicators
Figure 7. The eleven indicators of the SMI. 
(Adapted from Fishman, 1982)
Mitani and Sato (1992) compared growth in mandibular length (measured as Co-Gn) 
during  puberty  with  growth  dimensions  of  the  hyoid  bone,  cervical  vertebrae 
(measured as the total length from tip of the odontoid process to the lower border of 
the fifth vertebrae), hand-wrist bones (measured as the total  length of each  finger 
from the proximal, middle and distal phalanges as well as metacarpals) and standing 
height. They used longitudinal data from 33  Japanese females, aged 9 to  14 years 
old,  consisting  of cephalometric  radiographs,  hand-wrist  radiographs  and  annual 
records  of statural  height.  Statural  height,  hand-wrist  bone  and  cervical  vertebrae 
dimensions were all well correlated with one another if using annual time lag.  For 
example, the correlation between hand-wrist dimensions and body height was r = 
0.87 and that between cervical vertebrae and body height was r = 0.60. In 81.8% of 
the subjects, the peak growth of the cervical vertebrae and mandibular length were 
coincident, whilst in 84.8% of the subjects the peak growth of cervical vertebrae and 
standing height were also coincident, and in 90.9% of the subjects the peak growth of 
cervical vertebrae and hand-wrist bone coincided.
A  systematic  review  by  Flores-Mir  et  al.  (2004)  looked  at  the  use  of skeletal 
maturation  as  a  predictor  of  facial  growth  using  hand-wrist  radiographs.  They
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included  11  cross-sectional  and  longitudinal  studies  that  had  used  hand-wrist 
radiographs  for  skeletal  maturation  determination,  as  well  as  cephalometric 
radiographs  for  facial  growth.  The  overall  horizontal  and  vertical  facial  growth 
velocities  were  related  to  the  SMI,  as  determined  by  analysis  of  hand-wrist 
radiographs.  Both maxillary  and mandibular growth velocities  were  related to  the 
SMI stage,  although the correlations were less robust than those for overall facial 
growth velocity. The authors suggested that skeletal maturity analysis of hand-wrist 
radiographs for use in predicting facial growth velocity should include bone staging 
as well as ossification events. However, they did not specify inclusion criteria for any 
particular ethnic group.
Houston et al. (1979) criticised the use of hand-wrist radiographs as having limited 
clinical value for prediction of pubertal growth. Houston (1980) stated that in view of 
the  variability  in  growth  of  most  facial  dimensions,  detailed  and  accurate 
individualised growth prediction was not possible.  The best that can be done is to 
base treatment planning on the existing facial pattern, allowing for average growth 
changes  for  the  “group”  to  which  the  patient  belongs.  Houston’s  view  became 
accepted in the United Kingdom where hand-wrist radiographs are not now taken as 
part of a routine orthodontic examination.
The benefits of hand-wrist radiographs may also be limited because the hands and 
wrists are just small components of the skeletal system which clearly has different 
development  stages  to  the  craniofacial  skeleton  and  therefore  may  not  be  truly 
representative. Hand-wrist skeletal age has a margin of error of about ± 6 months in 
the clinical setting which makes determination of the actual timing of the pubertal 
spurt even less accurate (Smith, 1980).
Another criticism of the use of hand-wrist radiographs was by Hunter et al. (2002) 
who  investigated  the  relationship  between  skeletal  age  (determined  from  the 
Greulich  and  Pyle  method)  and peak  mandibular  growth  velocity  at puberty  in  a 
longitudinal study of 104 females (aged 4 to  16 years). Twenty patients were found 
to have delayed skeletal age at 9 years. Subsequently, of those 20, five patients had a 
delayed  peak  mandibular  growth  velocity  (PMdV).  Although  10  patients  had
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advanced  skeletal  age at 9,  only 4 had advanced PMdV.  The correlation between 
PHV and PMdV was 0.52, therefore, only around 25% of the relationship between 
the maturation of the epiphyses of the hand wrist bones and mandibular and statural 
growth  was  explained  by  this  method.  This  suggests  that  the  use  of hand-wrist 
radiographs  may  not  provide  sufficient  clinical  information  for  the  prediction  of 
mandibular or statural growth.
Despite these criticisms, hand-wrist radiographs are still widely used in the United 
States,  Australia,  Scandinavia,  Japan  and  a  number  of other  countries  (including 
Indonesia) for assessment of the skeletal maturation of orthodontic patients.
Cervical Vertebrae Maturation (CVM) Index
Lamparski  (1972)  introduced  a  method  which  uses  the  Cervical  Vertebrae 
Maturation (CVM) Index to assess skeletal maturation. This method is based on the 
morphological  characteristics  of the  cervical  vertebrae  at  different  developmental 
stages,  which  are  said  to  correlate  with  different  growth  rates  in  both  facial  and 
somatic structures. His method comprised six different maturational phases involving 
changes in the morphology of the  second to the  sixth vertebrae  as seen on lateral 
cephalometric radiographs (Lamparski, 1972, cited by Lamparski and Nanda, 2002). 
The study employed cross-sectional data, including lateral cephalometric radiographs 
and  hand-wrist  radiographs,  at  corresponding  ages,  from  patient  files  of  the 
Department  of  Orthodontics  at  the  University  of  Pittsburgh.  The  initial  group 
selected for determination of standards included 69 males and 72 females (as shown 
in Figures 8 and 9 and Tables 3 and 4) and a further 500 subjects (age 10 to 5 years) 
were  later included  in the  main  study  (Lamparski,  1972,  cited  by  Lamparski  and 
Nanda, 2002). The age range of 10 to  15 years was selected for this study as most 
patients who seek orthodontic treatment are within this age range.
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Figure 8. Lamparski’s male standards for cervical vertebrae maturation. 
(Adapted from Lamparski and Nanda, 2002)
10 years  All  inferior  borders  are  flat,  whilst  the  superior  borders  all  taper
excessively from posterior to anterior.
11 years  A concavity has begun to develop in the inferior border of the second
body.
12 years  The concavity of the second vertebrae has deepened, while the anterior
vertical heights of the bodies have increased.
13 years  A concavity has developed in the inferior border of the third vertebrae
body. The anterior vertical heights have increased further.
14 years  The concavity in the third body has deepened and a concavity has begun I
to develop in the fourth body. The bodies are now in rectangular shape.
15 years  The spaces between the bodies are smaller. The concavity on the fourth
body has deepened and concavities are developing on the fifth and sixth 
________ bodies. The bodies are almost square in shape.
Table 3. Lamparski’s male standards for cervical vertebrae maturation. 
(Adapted from Lamparski and Nanda, 2002)
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Figure 9. Lamparski’s female standards for cervical vertebrae maturation. 
(Adapted from Lamparski and Nanda, 2002)
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1
10 years  All inferior borders of the bodies are flat. The superior borders all taper
excessively from posterior to anterior.
11 years  A concavity has developed in the inferior border of the second vertebrae.
The anterior vertical heights of the bodies have increased.
12 years  A concavity has developed in the inferior border of the third vertebrae.
The remaining inferior borders are still flat.
13 years  The  concavity  of the  third  vertebrae  has  increased  and  a  definite
concavity has formed on the fourth vertebrae. Concavities on the fifth 
and sixth are just beginning to form. All bodies now are in rectangular 
shape.
14 years  The spaces between the bodies are smaller and concavities are now well
defined on all six bodies. The bodies are now almost in square shape.
15 years  All bodies have increased in vertical height and are higher than they are 
_________wide. All concavities have deepened.___________________________
Table 4. Lamparski’s female standards for cervical vertebrae maturation.
(Adapted from Lamparski and Nanda, 2002)
Hellsing  (1991)  undertook  a  cross-sectional  study  in  which  she  investigated  the 
cervical vertebrae dimensions in Swedish children aged 8,11  and  15 years old and 
compared them with adults. The height and width of the cervical vertebrae increased 
with age and,  among the  8  and  11  year old children,  the  changes correlated with 
standing height. It was suggested that the height and width of the cervical vertebrae 
might be used for growth prediction. However, the correlation values for the 8 year 
olds were low, only ranging between 0.36 and 0.57. The correlation values for the 11 
year old were slightly better, ranging between 0.36 and 0.78.
Other authors have found the CVM Index to be effective and clinically reliable for 
assessing skeletal maturity with regards to orthodontic treatment, as well as having 
the  advantage  of eliminating the  need  for  additional  radiation  exposure  since  the 
vertebrae  are  already  recorded  on  most  routine  lateral  cephalometric  radiographs 
(O’Reilly and Yanniello,  1988; Hassel and Farman,  1995; Garcia-Femandez, et al., 
1998; Franchi et al., 2000; Chang et al., 2001; Bacetti et al., 2002; San Roman et al., 
2002; Grave and Townsend 2003a, 2003b).
O’Reilly and Yanniello  (1988) used the Bolton-Broadbent growth study materials, 
which consisted of annual longitudinal cephalometric radiographs of 13  Caucasian 
females from 9 to  15 years. Lamparski’s standards for females were used to assess 
the maturational stage of the cervical vertebrae. Each of the radiographs was matched 
with the appropriate standard and assigned the stage which it most closely resembled.
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The researchers concluded that there was an increase in mandibular length, corpus 
length and ramus height associated with specific maturational stages in the cervical 
vertebrae.  The CVM stages  1   to 3 occurred in the accelerative growth phase; with 
stages  2  and  3  occurring  most  frequently  in  the  year  preceding  the  maximum 
increment of mandibular growth.  Stages 4 to 6 were observed to occur during the 
decelerative phase of growth following the mandibular peak pubertal growth (Figure 
10).
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Figure 10. Mandibular peak pubertal growth according to each CVM Index. 
(Adapted from O’Reilly and Yanniello, 1988)
Nevard  (1994)  examined  the  relationship  between  the  patterns  of growth  of the 
cervical  spine (as assessed  from  width and height measurements)  and  mandibular 
length on cephalometric radiographs of British subjects. The sample consisted of 22 
untreated subjects (12 males and 10 females) involved in the Leighton Growth Study. 
Serial radiographs were traced and digitised in order to measure mandibular linear 
dimensions.  Significant  correlations  (r  =  0.3  to  0.5)  were  found  between  total 
mandibular length and all cervical variables for both genders, except third cervical 
vertebrae  height for males at zero time  lag.  In males, the  increase  in incremental
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growth  in  mandibular  body  length  occurred  at  a  lag  of two  years.  That  is,  peak 
increases in incremental width of both cervical vertebrae occurred before those of 
mandibular  body  length.  A  statistically  significant  correlation  (r =0.5)  was  found 
between  mandibular body  length and  second  cervical  vertebrae  height  in  females 
with a lag of one year, where mandibular body length had an increase in incremental 
growth ahead of that of the second cervical vertebrae height. It was concluded that 
there  might  be  potential  indicators  in  the  cervical  vertebrae  which  may  allow 
prediction of the timing of growth changes in the mandible.
Hassel and Farman (1995) conducted a cross-sectional study to develop a method of 
evaluating the skeletal maturation of orthodontic patients using lateral cephalometric 
radiographs taken routinely as part of a pre-treatment record. The description of the 
CVM Index according to Hassel and Farman (1995) is outlined in Chapter 2 (Table 
10 on page 69). They used subjects from the Bolton-Brush Growth Center at Case 
Western  Reserve  University  and  data  comprised  11  groups  of  Caucasians  of 
Northern  European  descent  with  10  males  and  10  females  in  each  group  (220 
subjects in total, aged from 8 to 18 years old). The Skeletal Maturation Index (SMI) 
developed by Fishman (1982) was used to determine skeletal maturation by hand- 
wrist  evaluation  of each  subject  and  development  of the  cervical  vertebrae  was 
classified according to the 6 maturational stages shown in Figure  11  and Table  5. 
Inter-operator and intra-operator reproducibility were good for the determination of 
both the  SMI and the CVM Index. There was also a high and significant r2 value 
(r =0.89) when the SMI and CVM Index were compared.
CVM
Index
Stages
Stage Name Corresponding
SMI
Stages
Adolescent growth still 
expected (Fishman, 1982)
1 Initiation 1   and 2 80%-100%
2 Acceleration 3 and 4 65%-85%
3 Transition 5 and 6 25%-65%
4 Deceleration 7 and 8 10%-25%
5 Maturation 9 and 10 5%-10%
6 Completion 11 0%
Table 5. The six stages of CVM Index and their corresponding SMI. 
(Adapted from Hassel and Farman, 1995)
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Stage 1   Stage 2  Stage 3
Initiation Phase  Acceleration Phase  Transition Phase
(~SMI  1-2)  <~ SMI 3-4)  H5MI 5-6)
Stage 4  Stage 5  Stage 6
Deceleration Phase  Maturation Phase  Completion
(~ SMI 7-*)  <~ SMI 9-10)  <~ SMI 11)
Figure 11. CVM Index with six maturational  stages.
(Adapted from Hassel and Farman, 1995)
Garcia-Femandez  et al.  (1998)  studied  the  correlation  between  cervical  vertebrae 
maturation,  as  assessed  using  the  CVM  Index,  and  skeletal  age  from  hand-wrist 
radiographs in  113 Mexican patients (50 males and 63  females, aged 9 to  18 years 
old)  at the  Universidad Autonoma de Nuevo  Leon.  All  lateral  cephalometric  and 
hand-wrist radiographs were taken on the same day. The SMI was used to determine 
the skeletal age from the hand-wrist radiographs, whilst Hassel and Farman’s CVM 
Index was used for the cervical vertebrae. For 92% of the female patients and 96% of 
the male patients, the maturation stage assessed with the CVM Index correlated with 
that assessed from the hand-wrist method and statistical analysis indicated that there 
was  no  significant  difference  between  the  two  techniques.  Hence  their  original 
hypothesis, that there was no significant difference between the two techniques of 
assessing  skeletal  maturation  in this  particular  population,  was  accepted  for  both 
males and females.
Franchi  et  al.  (2000)  assessed  the  validity  of the  CVM  Index  for  evaluation  of 
mandibular skeletal maturity compared with statural growth (Figure  12). They used 
longitudinal  samples  from the University of Michigan Elementary and  Secondary 
School Growth Study (UMGS), consisting of 24 subjects (15 females and 9 males) 
with  statural  height  recorded  at  the  same  time  as  the  lateral  cephalometric
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radiographs  were  taken.  They  found  that  the  CVM  Index  was  able  to  detect  the 
greatest increment in mandibular and craniofacial growth during the interval  from 
CVM stage 3 to 4, when the peak increase in statural height also occurred in 94% of 
North  American  subjects.  The  CVM  Index  was  considered  to  be  an  appropriate 
method for the appraisal of mandibular skeletal maturity in individual patients. On 
the  basis  of a  single  cephalometric  observation  and,  without  additional  radiation 
exposure, skeletal maturity could be estimated with 99% reliability.
C2
Stage  I  Stage 2  Stage 3  Stage 4 Stage 5  Stage 6
Figure 12. Six stages of the CVM Index. 
(Adapted from Franchi et al., 2000)
The original  CVM Index developed by  Lamparski  (1972) used observation of the 
second to the sixth cervical vertebrae which sometimes cannot be visualised when a 
radiological screening collar is worn. Baccetti et al.  (2002) aimed at improving the 
CVM Index using the same longitudinal UMGS samples but focused on observation 
of the bodies of the second (c2), third (c3) and fourth (c4) cervical vertebrae. This 
new modified method comprises five maturational stages instead of six (CVM 1  to 5) 
(Figure  13), with peak mandibular growth observed to occur between CVM 2 and 
CVM  3  in  100% of their sample.  This method  is  useful  when only c2  to  c4  are 
visible on the lateral cephalogram.
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Figure 13. The new improved CVM Index comprising five maturational stages, 
observing cervical vertebrae two to four. (Adapted from Baccetti et a l 2002)
Kucukkeles  et  al.  (1999)  investigated  whether  the  CVM  Index  from  a  lateral 
cephalogram is comparable with the SMI from a hand-wrist radiograph.  They also 
looked  at  the  reliability  of identification  of the  ossification  stages  on  the  lateral 
cephalograms and hand-wrist radiographs from pre-treatment patients attending the 
Orthodontic Clinic at Marmara University School of Dentistry, Turkey. The sample 
comprised  180  subjects  (99  females  and  81  males)  aged  from  8  to  18  years. 
Reliability was found to be higher for the SMI than the CVM Index determination, 
although this may have been due to the observers being less familiar with the CVM 
Index. The findings supported previous studies which suggested the use of the CVM 
Index  in  order  to  reduce  radiation  exposure  by  avoiding  taking  hand-wrist 
radiographs.
Chang et al. (2001) evaluated the reliability of the CVM Index on a cross sectional 
data set from 503 subjects (244 males and 259 females) aged 8 to  18 years old who 
attended the Orthodontic Clinic at Kaoshiung Medical University Hospital, Taiwan. 
They used Fishman’s SMI for hand-wrist radiographs and Lamparski’s CVM Index, 
excluding the fifth and sixth vertebrae as they were not visible.  Statistical analysis 
indicated that there were no significant differences between the CVM and hand-wrist 
methods (P = 0.067 for males and P = 0.069 for females). They also showed a strong 
correlation between the two methods (r = 0.97 for males and females) and concluded 
that the CVM Index is a reliable and valid method.
San Roman et al.  (2002) assessed the validity of the CVM Index as compared with 
the hand-wrist method using 958 Spanish subjects aged between 5 and 18 years (428 
males  and  530  females)  who  attended  the  Orthodontic  Department  of  the
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Complutense University of Madrid.  They correlated maturity assessment from the 
CVM Index and the hand-wrist assessment using Grave and Brown’s (1976) method, 
as well as between Lamparski’s and Hassel and Farman’s CVM classifications. High 
correlations were  found between the hand-wrist method and Hassel and Farman’s 
classification  in  both  females  and  males  (r  =  0.84  and  0.77  respectively).  When 
Lamparski’s  classification  was  compared  with  the  hand-wrist  method,  lower 
correlations were found (r = 0.79 in females and r = 0.69 in males) although they 
were  still  considered  acceptable.  This  suggests  that  the  CVM  Index  is  valid  for 
clinical  use.  They  also  concluded  that  the  concavity  of the  lower  border  of the 
vertebrae was a better maturation indicator than the height and width of the vertebrae 
and that, the greater the maturation, the higher the concavity (r = 0.82 in females and 
r = 0.75 in males).
Grave  and  Townsend  (2003a,  2003b)  investigated  the  relationship  between  the 
modified version of the CVM Index (Bacetti et al.,  2002) and the timing of peak 
pubertal growth in both stature and mandibular dimensions (based on measurements 
of Ar-Pog, Go-Pog, and Ar-Go) using longitudinal data of 74 Australian Aboriginal 
children (47 males and 27 females). The relationship between the CVM stages and 
the three statural growth periods (pre-peak, peak and post-peak) showed that stage 1  
of the CVM occurred in the pre-peak period, stages 2 and 3 of the CVM in the peak 
period and stages 4 and 5 of the CVM in the post-peak period (Figure  14).  In the 
majority of males, CVM stages  1   and 2 preceded the peak growth velocity period. 
Whilst in the majority of females, only stage 1   occurred during the pre-peak period. 
When the  CVM  stages were related to mandibular dimensions,  in the majority  of 
males and females CVM stage  1   was reached in the pre-peak period, whilst CVM 
stages  4  and  5  were  reached  in the  post-peak period.  They  suggested  that  in the 
majority  of  males,  CVM  stage  2  would  appear  to  be  an  appropriate  time  to 
commence  an  orthopaedic  phase  of orthodontic  treatment  for  Class  II  patients, 
whereas in females it would appear sensible to treat earlier, before stage 2 is reached.
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Figure 14. Time at which each CVM stage is reached relative to 
peak height velocity in stature and hand bone maturation. 
(Adapted from Grave and Townsend, 2003b)
Flores-Mir  et al.  (2006)  investigated  the  correlation  between  the  SMI  and  CVM 
methods using 79 subjects (52 females and 27 males) and found a good correlation 
(r=  0.72)  between  the  two  methods.  When  the  subjects  were  sub  grouped  into 
skeletal  maturation  levels,  they  found  a  correlation  of 0.73  for  early  maturing 
adolescents,  0.70  for an  average  maturing  adolescent  and  0.87  for  late  maturing 
adolescents. This study showed that the CVM Index was as reliable as the SMI for 
assessment of maturation levels.
Many of the studies described above have found good correlations between skeletal 
maturation  assessment  from  hand-wrist  radiographs  and  cervical  vertebrae 
respectively (Garcia-Femandez et al.,  1998; Kucukkeles et al.,  1999; Chang et al., 
2001; San Roman et al., 2002; Flores-Mir et al., 2006). Despite the good correlations 
between the two methods, the results do not necessarily indicate that one skeletal 
maturation assessment method is “better” than the other.  In growing patients both 
hand-wrist bones and cervical bones are growing, thus it is not surprising that there 
tends to be a high correlation when the two methods are compared.
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1.5.  Ethnic and gender variations in the timing of skeletal maturation
Similar stages of skeletal maturation have been reported in different ethnic groups 
(Wingerd  et  al.,  1974).  However,  variations  in  the  timing  of skeletal  maturation 
between different ethnic and gender groups have also been noted (Cole et al.,  1988; 
Ontell et al., 1996; Schemeling et al., 2000; Rogol et al., 2002).
Differences in timing of skeletal maturation between ethnic groups may be due to 
factors  other  than  natural  genetic  differences.  For  example,  environmental 
conditions, such as socio economic status, nutritional intake, hygiene conditions and 
regional and climatic differences may lead to delayed skeletal maturation (Ontell et 
al.,  1996;  Schemeling et al., 2000; Rogol et al., 2002).  Saxena and Saxena (1980) 
investigated the role of malnutrition in the timing of skeletal maturation and found 
that skeletal maturation in malnourished children was delayed against that of healthy 
children.
Sexual dimorphism in the velocity of growth, timing of the adolescent growth spurt, 
overall size and the attainment age of skeletal maturation are well-known (Tanner et 
al.,  1976). On average, females mature earlier than males, with females reaching the 
onset of puberty at approximately  10 years, attaining the peak pubertal spurt at  12 
years and reaching the end of the growth spurt at 14.8 years. In contrast, males reach 
the onset of puberty at  12.1  years, attain the peak pubertal spurt at  14.1  years and 
reach the end of the growth spurt at 17.1 years (Taranger and Hagg, 1980).
Ursi et al.  (1993) investigated skeletal and dental relationships using subjects from 
the  Bolton-Brush  Longitudinal  Growth  Study  in  Ohio.  They  found  that  sexual 
dimorphism was evident, where the length of the anterior cranial base was larger in 
males but maxillary and mandibular lengths were similar in both gender groups up to 
the  age  of  14  years.  Following  this,  the  females’  maxillary  and  mandibular 
dimensions remained relatively constant, whilst those of the males increased further.
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1.6.  Hand-wrist radiographs
Todd  (1937,  cited by Bayer and Bayley,  1976)  was the  first to  introduce  skeletal 
maturation assessment by observing the shape, contour, articular surface and relative 
size of the diaphysial-epiphysial region and other centres of ossification in 6 areas of 
the body:  shoulder,  elbow, hand-wrist, hip, knee and foot.  He  found a continuous 
series of distinct ossification events throughout the growth period in the hand-wrist 
area and concluded that growth ceased with the closure of the distal radial epiphysis.
Greulich  and  Pyle  (1959)  developed  what  is  called  the  “Radiographic  Atlas  of 
Skeletal  Development  of  the  Hand-Wrist”  as  a  revision  of  the  original  atlas 
developed by Todd (1937). This atlas provided series of hand-wrist radiographs at 
six-monthly  intervals,  where  each  represents  a  normal  stage  of development  for 
children at a given age. The development of hand-wrist bones of an individual is then 
compared with the standard radiographic atlas and assigned the corresponding age. 
However, the atlas was derived from a North American (Caucasian) sample acquired 
in the  1940s, and thus with secular trends, the accuracy must be questioned (Cox, 
1997).
Another method used to assess skeletal maturation from a hand-wrist radiograph is 
by observing ossification events. For example, ossification of the pisiform, hamate 
and ulnar sesamoid all occur in the accelerative phase of the adolescent growth spurt, 
whereas capping of the radial and phalangeal diaphyses by their respective epiphyses 
occurs  around  the  peak,  followed  by  completion  of epiphyseal  fusion  during  the 
decelerative phase (Chapman,  1972; Bowden,  1976; Grave and Brown,  1976; Onat, 
1976;  Fishman, 1982). The methods described by Grave and Brown (1976) and the 
Skeletal  Maturation  Index  (SMI)  developed  by  Fishman  (1982),  are  the  most 
commonly used methods in the field of orthodontics. These methods are described in 
the earlier part of this chapter.
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1.6.1.  Acquisition of hand-wrist radiographs
Hand-wrist radiographs may be acquired using a standard cephalometric unit.  The 
left  hand  is  placed  with the  palm  lying  flat  on  the  film  holder,  with the  fingers 
slightly  separated  and  the  axis  of the  hand,  wrist  and  forearm  in  a  straight  line 
(Figure  15). The radiographs include the complete phalanges (proximal, middle and 
distal), metacarpal and carpal bones and at least  1.5 inches of the radius bone. The 
source of the x-ray is centred halfway between the tips of the fingers and distal end 
of the radius (Bayer and Bayley, 1976).
The  effective  dose  is  a measure  used  in  radiation protection  to  estimate  the  risk 
resulting from an exposure of ionising radiation. Effective dose equivalent is used to 
compare radiation doses on different parts of the body on an equivalent basis and is 
normally measured in “microsieverts” (pSv) (Isaacson and Thom, 2001). According 
to  the  Orthodontic  Radiographic  Guidelines  published  by  the  British  Orthodontic 
Society, the typical effective dose for a hand-wrist radiograph is around 10-100 pSv, 
which is up to 100 times greater than a lateral cephalometric radiograph (1 to 3 pSv) 
(Isaacson and Thom, 2001).
Figure 15. An example of a hand-wrist radiograph.
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1.7.  Cephalometric radiographs
Since their introduction by Broadbent in 1931, cephalometric radiographs have been 
used  as  part  of the  routine  records  to  assist  orthodontic  diagnosis  and  treatment 
planning and to monitor orthodontic treatment progress and growth, as well as for 
clinical research purposes.
The lateral cephalometric radiograph is a two-dimensional skull radiograph, taken in 
profile, with the head in a standardised reproducible position at a fixed distance from 
the x-ray source. It enables the relationship between teeth, bone, and soft tissue to be 
evaluated antero-posteriorly and vertically (Shaw, 1993).
A cephalometric unit consists of a cephalostat or head holder, which holds the head 
in a predetermined position, an x-ray source and a film. These three components are 
maintained in a fixed relationship to each other in order to standardise angulation or 
magnification so that any films produced by the particular unit are comparable with 
each other.
The head, which is centred in the cephalostat, is usually fixed by two ear-rods which 
are fitted into the external auditory meati with the left hand side of the head facing 
toward the  film.  It is then orientated with the  Frankfort plane  (assessed clinically 
from tragus to lower of the orbit) parallel to the floor whilst the mid-sagittal plane is 
parallel to the cassette. Alternatively, orientation of the head can follow the natural 
head  position  (NHP).  This  can  be  obtained  by  the  patient  looking  into  a  mirror 
opposite the head holder while the head is being held in the cephalostat so that the 
patient can look into the reflection of his or her own eyes. Vertical orientation can be 
obtained by hanging a chain from the head holder in order to provide a true vertical 
reference (Proffit et al., 2003). The x-ray source is normally set at 5 feet (150 cm) 
from the mid-sagittal plane of the patient, whilst the distance between the film and 
the mid-sagittal plane is set normally at 1  foot (15 cm) (Figure 16). According to the 
Orthodontic Radiographic Guidelines published by the British Orthodontic Society, 
the typical effective dose for a lateral cephalometric is around  1   to 3 pSv (Isaacson 
and Thom, 2001).
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15 cm
Figure 16. Diagram representing the position of the head relative to the x-ray source.
(Adapted from Foster, 1984)
1.7.1.  Cephalometric measurements
The analysis of a cephalometric radiograph is carried out using a number of standard 
anatomical  landmarks,  which can  be easily  and  reliably  identified.  The  traditional 
method  for  measurement  of  lateral  cephalometric  radiographs  is  by  tracing  the 
anatomical  landmarks  of interest  onto  acetate  tracing  paper  and  then  measuring 
angles  and  distances  using  a ruler and  protractor.  Nowadays,  the  development  of 
electronic  digitisers  has  simplified  cephalometric  measurements  by  digitising  the 
anatomical  landmarks  and  allowed  angles  and  distances  to  be  calculated.  This 
digitisation may be obtained either by direct digitisation from a radiograph, or from a 
tracing of the radiograph (Houston, 1982).
Although Houston (1982) found no difference between conventional manual tracing 
and  direct  digitisation,  Sandler  (1988)  examined  three  different  methods  of 
measuring  25  cephalometric  radiographs.  He  compared  conventional  tracing  and 
measurement  by  hand  with  digitisation  of  the  tracing,  as  well  as  with  direct 
digitisation  of the  radiograph.  He  found  that  the  distance  between  Nasion  and  A 
point, as well  as that between Menton to Gonion, had error values of greater than 
1mm  with  all  methods of measurement.  When  hand  measurement were  compared 
with the other two methods involving the digitiser, the errors in measurement were
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slightly less than those using digitised tracings, but slightly greater than those when 
digitised directly. It was concluded that direct digitisation of the radiographs was the 
most  reproducible  method,  especially  for  angular  measurements,  although 
statistically significant differences were rarely found between any of the methods.
Oliver  (1991)  compared  5  different  methods  of  cephalometric  analysis.  Five 
randomly selected lateral cephalometric radiographs were selected for comparison of 
conventional manual tracing with direct digitisation of radiographs using 2 different 
computer  programs,  as  well  as  with  digitisation  of the  manual  tracings  with  2 
different computer programs. Surprisingly, it was found that direct digitisation of the 
radiographs  was  less  reproducible  than  digitisation  of the  tracings.  Most  of the 
parameters used (SNA, ANB, MMPA and upper incisor to maxillary plane) had a 
two-fold increase in the standard deviation for direct digitisation (ranging between
0.49°  to  1.87°)  compared  with  digitisation  of the  tracings  (ranging  from  0.22° to 
1.04°) and it was concluded that direct digitisation was  less precise than both the 
traditional method and digitisation of tracings.
Therefore, it can be concluded that even though direct digitisation has been reported 
to be superior to other methods, it does not necessarily reduce overall landmark error 
when the points being digitised are poorly defined (e.g. incisor root apex). Moreover, 
the design of a digitiser’s cursor can obscure structures peripheral to the landmark of 
interest and the cross-hairs of the cursor can be difficult to distinguish against a dark 
background.  This problem  may  not  occur  when  digitising  from  a  manual  tracing 
(Richardson, 1981; Houston, 1982). Sandler (1988) also suggested that tracing alone 
produces more reproducible results in certain circumstances, e.g. for Articulare and 
Gonion which can be constructed on a tracing, but only estimated using the digitiser. 
Other points were also easier to visualise and locate when the outline of the structure 
could be traced first, e.g. apex of the upper incisor root (Houston, 1982).
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1.7.2.  Errors in the cephalometric techniques
I.7.2.I.  Types of error
Houston (1983) acknowledged the importance of incorporating an error evaluation in 
orthodontic research. He classified the types of error according to:
Validity
Validity  is  the  extent  to  which,  in  the  absence  of measurement  error,  the  value 
obtained  represents  the  object  of  interest  (Houston,  1983).  Therefore,  what  is 
measured  and  the  method  of  measurement  have  to  be  considered.  Many 
cephalometric  landmarks  have  been  defined  for  ease  of  identification  and 
reproducibility,  rather than on the grounds of anatomic validity, however in some 
areas no better alternative is available. For instance, the use of Nasion and Sella to 
represent  the  anterior  cranial  base  due  to  their  convenience  for  identification. 
Radiographic images may be enlarged and distorted compared with the actual size of 
the  object  if the  radiographs  are  taken  in  different  system  or  machine  (Houston, 
1983; Vitepom,  1995). Hence, this factor has to be acknowledged and corrected to 
actual size by calculating the magnification factor before comparing cephalometric 
data from different sources (Bergersen, 1980; Dibbets and Nolte, 2002).
Reproducibility
Reproducibility,  or precision,  is  the  closeness  of successive  measurements  of the 
same  object  (Houston,  1983).  The  reproducibility  of  the  measurements  varies 
according  to  the  quality  of  the  records,  the  conditions  under  which  they  are 
measured, the skill of the operator and the  landmark being investigated  (Houston, 
1983).
Error of measurement may be systematic or random. Systematic errors may arise if 
the geometry of the system varies and no compensation is made or if two people 
involved in a study have different perceptions of a landmark. Whilst random errors 
may arise as a result of variations in positioning of the patient in the cephalostat and
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variations  in  film  density  and  sharpness.  Identifying  a  particular  landmark  and 
imprecision  in  its  definition  is  probably  the  greatest  source  of  random  error 
(Houston, 1983).
I.7.2.2.  Sources of error
There are three main sources of errors in cephalometry (Baumrind and Frantz, 1971a, 
1971b):
1.  Errors of projection
2.  Errors of landmark identification
3.  Errors of tracing measurements
Errors of projection
Radiographic  films are always subject to a degree of magnification and distortion 
resulting  from the  fact that they are  a 2  dimensional  shadow of a 3  dimensional 
object. These errors occur due to the shadow being produced by non-parallel x-rays 
from a very small source. Magnification occurs because the divergent x-ray beams 
are not parallel with all  of the points  in the object to  be examined and distortion 
occurs because of different magnification between different planes. Most landmarks 
used  for  cephalometric  analysis  are  located  in  the  mid-sagittal  plane  while  other 
landmarks and structures may be located in a different depth of field.
Errors of landmark identification
Landmark  identification  errors  are  the  major  source  of  cephalometric  error 
(Baumrind and Frantz, 1971a, Houston et al., 1986). They result from the process of 
identifying  specific  anatomical  landmarks  on  cephalometric  films.  Factors  that 
influence landmark identification are (Houston et al.,  1986; Macri and Athanasiou, 
1995):
•  Quality of the radiographic image
•  The operator’s experience
•  Precision of landmark definition and its location reproducibility.
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In order to quantify and analyse the effect of identification error on the reliability 
identification and measurement of landmarks, Houston (1983) suggested the use of 
statistical  analysis  such  as  the  Dahlberg  method  (Dahlberg,  1940).  All  reported 
results should be interpreted in relation to the measurement error.
Errors of tracing measurements
Cephalometric studies are based on data recorded from cephalometric radiographs. 
Data can be recorded either by hand measurements or by computer digitisation. The 
errors  acquired  in  analysing  lateral  cephalograms  fall  into  two  categories:  errors 
related to point identification and errors related to the recording procedures.
In  general,  there  are  four  methods  used  to  identify  and  record  landmarks  in 
cephalometric studies (Turner and Weerakone, 2001). These are as follows:
1)  Overlay tracing of the lateral skull radiograph on an X-ray viewer, followed 
by direct measurement of cephalometric lines and angles on the tracing paper 
using a ruler and protractor.
2)  Overlay  tracing  of the  radiograph  to  identify  anatomical  and  constructed 
points followed by transfer of the tracing to a digitiser linked to a computer.
3)  Direct digitisation of the lateral skull radiograph using a digitiser linked to a 
computer.
4)  Direct  digitisation  of  the  image  on  the  computer  screen  (on-screen 
digitisation).
Studies have compared the accuracy and reliability of landmark identification using 
these methods. Direct digitisation of radiographs was reported to be the most reliable 
and accurate method (Richardson,  1981; Houston,  1982;  Sandler,  1988).  However, 
statistically  significant differences  were  rarely  found  and  differences  between the 
methods were small (Sandler, 1988). Direct digitisastion on a computer screen is also 
sufficiently accurate to be used in a clinical setting (Turner and Weerakone, 2001). 
However, the method was felt tobe of limited use in research due to problems such as 
limited screen resolution which could affect landmark identification.
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1.7.3.  Ethnic variation in craniofacial and cervical vertebrae morphologies 
Craniofacial morphology
The lateral cephalometric radiograph is one of the most important diagnostic tools in 
orthodontic  diagnosis  and treatment planning  as  well  as  for  studying  craniofacial 
dimensions.  However,  many  cephalometric  standards  are  based  on  Caucasian 
populations and are considered “gold standards” even though it is well documented 
that cephalometric values vary between different ethnic groups. A number of studies 
have investigated cephalometric norms and craniofacial dimensions in other ethnic 
groups, for example in Arabic populations (Saleh,  1996; Hamdan and Rock, 2001), 
Chinese  (Cooke  and  Wei,  1989;  Lew,  1994;  Zeng  et  al.,  1998;  Moate  and 
Darendeliler,  2001),  Japanese  (Miyajima  et  al.,  1996;  Ishii,  2002),  Filipinos 
(Naranjilla and Rudzki-Janson, 2004; Moldez et al., 2006) and Indonesian Deutero- 
Malays (Johnson et al., 1978; Munandar and Snow, 1995).
In  an  attempt  to  evaluate  the  prevalence  of  malocclusion  and  dento-skeletal 
measurements  in  Indonesia,  Johnson  et  al.  (1978)  conducted  a  study  using  184 
randomly selected Indonesian Malay children (96 females and 88 males) in Java and 
compared them with British Caucasian and Chinese patients. They reported that the 
Indonesians  had  more  bimaxillary  prognathism  with  an  increased  maxillary- 
mandibular  planes  angle  and  increased  upper  and  lower  incisor  proclination 
compared with the other two ethnic groups. However, even though the Indonesians 
had bimaxillary prognathism,  90% of the  subjects had  Class I  molar relationships 
with a normal overbite and oveijet.
Cooke  and  Wei  (1989)  investigated dento-skeletal  measurements  for Chinese  and 
British  Caucasian  males  in  Hong  Kong  using  160  subjects  aged  12  years.  The 
Chinese males exhibited a shorter anterior cranial base, shorter maxilla and tendency 
for  increased  vertical  growth  compared  with  the  Caucasians.  Upper  and  lower 
incisors were found to be more proclined in the Chinese population, with the lower 
incisors edge located 3 mm more anterior to the A-Pogonion line compared with the 
Caucasians.
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Lew (1994) undertook a cephalometric study in Singapore using data for 105 female 
subjects  (35  Chinese,  35  Malays  and  35  Indians).  Using  the  Steiner  analysis,  he 
found similarities between the Chinese and Malays, which might be due to the fact 
that Chinese and Malays belong to the same Mongoloid anthropological group. Both 
ethnic  groups  exhibited  more prognathic  maxillae  and  mandibles,  more  proclined 
upper and lower incisors, as well as more protrusive upper and lower lips than the 
Indian group.
Another  cephalometric  investigation on  the  Indonesian  Deutero-Malay  population 
was conducted by Munandar and Snow (1995), using a relatively small sample of 
only  50  subjects.  They  compared  the  results  with  other  ethnic  groups,  i.e. 
Caucasians, Chinese, Israeli and North Indian populations.  The results showed that 
Indonesians tend to have bimaxillary dental protrusion with an increased maxillary- 
mandibular planes angle. However, the comparisons were undertaken by comparing 
their results with published data, which methodologically might not be standardised. 
In  addition,  they  did  not  investigate  craniofacial  linear  dimensions  for  the 
Indonesians, such as cranial base length, maxillary length and mandibular length.
Miyajima  et  al.  (1996)  compared  dento-skeletal  measurements  between  adult 
Japanese and American Caucasians with Class I occlusions and well-balanced faces 
(total  sample of 179  subjects;  54  Japanese  and  125  Caucasians).  On average,  the 
Japanese  had  shorter antero-posterior  facial  dimensions  but  greater vertical  facial 
dimensions with a more downward direction of facial development compared with 
the  Caucasians.  The  Japanese  were  also,  dentally,  more  protrusive  than  the 
Caucasians.
Hamdan  and  Rock  (2001)  conducted  a  cross-sectional  study  to  determine 
cephalometric norms for a Jordanian population and compared the results with the 
Eastman Standards (Mills,  1970) which are commonly used in the UK. They found 
that there were no differences between the two groups for SNA and SNB, whilst the 
maxillary-mandibular  planes  angle  was  significantly  lower  in  Jordanians  and  the 
upper incisor to maxillary plane angle and lower incisor to mandibular plane angle 
were both significantly higher in Jordanians. Lower incisors were also found to be 4
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to 6 mm further forward in relation to the A-Pogonion line in Jordanians. However, 
their study did not provide information on the craniofacial linear dimensions for the 
Arabic population.
Ishii (2002) investigated the craniofacial morphology differences between Japanese 
adult females and Caucasians with Class I occlusions. The Japanese subjects had a 
significantly  shorter  anterior  cranial  base  but  longer  posterior  cranial  base  with 
increased anterior face heights, maxillary-mandibular planes angle as well as longer 
mandibular ramus height compared with the Caucasians. The Japanese subjects also 
had more proclined upper incisor but similar lower incisor inclination in comparison 
with  the  Caucasians.  This  might  be  due  to  the  fact  that  the  upper  incisor  was 
compensating for the retrusive upper mid-face.
Naranjilla and Rudzki-Janson (2004) investigated cephalometric norms for Filipino 
adults  (81  subjects:  44  males  and  37  females).  As  most  of the  Filipinos  were 
influenced by Malays, Indonesians and Chinese, they found similar characteristics, 
whereby  on  a  Class  I  occlusion  the  Filipinos  had  more  proclined  incisors  with 
protruded lips compared with Caucasians.
It  has  been  suggested  that  an  analysis  is  misused  if it  is  applied  to  a patient  of 
different age or ethnicity other than the groups for which it was developed (Moyers, 
1988).  Therefore,  it  is  evident  that  there  are  differences  in  cephalometric 
measurements between ethnic groups and this emphasises the necessity for further 
research in this area,  especially for ethnic groups which have been studied in less 
detail.
Cervical vertebrae morphology
Lateral  cephalograms  can  also  be  used  for  cervical  vertebrae  morphology 
assessment. Hellsing (1991) undertook a cross-sectional study with a sample of 107 
Swedish  children  aged  8,  11  and  15  years  old  and  compared  them  with  adults. 
Cervical  vertebrae  height  and  width  increased  with  age.  It  was  also  shown  that 
among the 8 and  11  year old children, the height and width of the vertebrae were
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significantly  correlated  with  standing height.  Hence,  use  of the  cervical  vertebrae 
height and width was suggested for the purpose of growth assessment.
Grave  et  al.  (1999)  investigated  cervical  vertebrae  dimensions  in  Australian 
Aborigines  and Caucasians  (60  subjects for each ethnic  group).  The  width of the 
vertebrae was greater in Aborigines than Caucasians, whilst on average the height of 
the  vertebrae  was  shorter in  Aborigines.  Sexual  dimorphism  was  evident  in  both 
ethnic groups, with the Aborigines tending to show greater differences between the 
gender groups.
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SUBJECTS AND REPEATABILITY STUDYSubjects and Repeatability Study
2.1.  Subjects
This was a cross-sectional study using subjects from two populations. Firstly, hand- 
wrist and lateral cephalometric radiographs were obtained from Indonesian children 
of Deutero-Malay ethnic origin who were school children in the city of Jakarta and 
its vicinity. The radiographs were taken as part of routine orthodontic examinations. 
There are no ethics procedures in existence in Indonesia relating to the use of clinical 
records, however, all records were considered to be clinically valid at the time that 
they were taken.
Data for Caucasian subjects were obtained from pre-existing radiographs taken as 
part of routine orthodontic assessment at the Department of Orthodontics, Eastman 
Dental  Center,  University  of Rochester  Medical  Center  (United  States).  Ethical 
approval  was  sought and granted  from the  University  of Rochester following the 
undertaking  of the  Ethical  Principles  in  Research  Program  (EPRP)  examination 
(EPRP  number  75120609  -   Appendix  3).  Data  collection  was  undertaken  at  the 
Eastman Dental Center University of Rochester Medical Center during a period of 
two months starting in May 2005.
The age range of the males was 10 to 17 years, whilst for the females it was 8 to 15 
years.  These  age  ranges  were  selected based  on  the  assumption that,  on  average, 
females reach skeletal maturation earlier than males (Taranger and Hagg, 1980). The 
overall  sample  included  2,167  subjects:  consisting  of 648  Indonesian  males,  303 
Caucasian  males,  774  Indonesian  females  and  442  Caucasian  females  (Table  6). 
Only  subjects with  Class  I  molar relationships  and a normal  overjet and  overbite 
were included, on the assumption that this should represent a “normal” occlusion.
Subjects were included if they fulfilled the following criteria:
(i)  Of Deutero-Malay or Caucasian ethnic origin,
(ii)  Physically healthy with no relevant medical conditions,
(iii)  Had  Angle  Class  I  molar  relationships  with  normal  oveijet  and 
overbite (as established from the medical notes),
(iv)  Had undergone no previous orthodontic treatment, and
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(v)  Lateral  cephalometric  radiographs  and  hand-wrist  radiographs  for 
each subject were taken on the same date, and showed good clarity 
and contrast.
Males
Age
group
(years)
Indonesian Caucasian
Number of 
subjects
Percentage
(%)
Number of 
subjects
Percentage
(%)
10 73 11.3 35 11.6
11 105 16.2 30 9.9
12 53 8.2 25 8.3
12.5 45 6.9 29 9.6
13 36 5.6 20 6.6
13.5 50 7.7 35 11.6
14 60 9.3 19 6.3
14.5 36 5.6 21 6.9
15 96 14.8 44 14.5
16 52 8.0 28 9.2
17 42 6.5 17 5.6
Total 648 100 303 100
Females
Age
group
(years)
Indonesian Caucasian
Number of 
subjects
Percentage
(%)
Number of 
subjects
Percentage
(%)
8 81 10.5 17 3.8
9 51 6.6 9 2.0
9.5 46 5.9 10 2.3
10 48 6.2 16 3.6
10.5 45 5.8 17 3.8
11 54 7.0 26 5.9
11.5 56 7.2 40 9.0
12 65 8.4 37 8.4
12.5 54 7.0 44 10.0
13 85 11.0 73 16.5
14 108 14.0 65 14.7
15 81 10.5 88 19.9
Total 774 100 442 100
Table 6. Subject distribution based on chronological age for Indonesian and Caucasian populations.
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2.2.  Intra-operator  Repeatability  Study:  Hand-wrist  and  Cervical 
Vertebrae Methods for Indonesian data
For the purpose of establishing the intra-operator repeatability of the methods used 
(hand-wrist and cervical vertebrae methods) and to decide which methods should be 
used  in  the  main  study,  pilot  studies  were  undertaken.  These  initially  used  the 
Indonesian data as the Caucasian data were not available at that stage.
2.2.1. Subjects
Two hundred subjects were randomly selected for this study (100 subjects from each 
gender group).
2.2.2. M ethods 
Hand-wrist radiographs
Hand-wrist radiographs were observed in a darkened room and a black surround was 
used on the light box (Dentaurum®) to eliminate excess light and facilitate landmark 
identification.  Each  radiograph  was  then  classified  according  to  the  methods 
developed by Grave and Brown (1976) (Table 7) as well as the SMI (Fishman, 1982) 
(Table 8 and Figure 18).
No more than 20 radiographs were observed on any one session in order to minimise 
errors  due  to  operator  fatigue.  One  month  following  the  first  observation,  the 
operator repeated the observations using both methods.
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Figure 17. An example of a hand-wrist radiograph from an Indonesian subject.
Grave and Brown (1976)
Stage Bone event
1 PP2= The epiphysis of the proximal phalanx of the second finger has the 
same width as the diaphysis.
2 MP3= The epiphysis of the middle phalanx of the third finger has the same 
width as the diaphysis.
3 Pisi
H-l
R=
Appearance of pisiform.
Initial ossification of the hook of hamate (stage 1).
The epiphysis of the radius bone has the same width as the diaphysis.
4 S
H-2
The ossification of the ulnar sesamoid bone 
Advanced ossification of the hook of hamate (stage 2)
5 MP3 Cap
PPlCap
RCap
The diaphysis of the middle phalanx of the third finger is covered by 
cap-shaped epiphysis
The diaphysis of the proximal phalanx of the first finger is covered 
by cap-shaped epiphysis.
The diaphysis of the radius bone is covered by cap-shaped epiphysis.
6 DP3U Fusion of epiphysis and diaphysis of the distal phalanx of the third 
finger.
7 PP3U Fusion  of epiphysis  and  diaphysis  of the  proximal  phalanx  of the 
third finger.
8 MP3U Fusion of epiphysis and diaphysis of the middle phalanx of the third 
finger.
9 RU Fusion of epiphysis and diaphysis of the radius bone.
Table 7. Classification according to Grave and Brown (1976).
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Assessment  of the  SMI  was  undertaken  following  the  flow  diagram presented  in 
Figure  18.  The process started by observing whether the ulnar sesamoid bone was 
ossified (SMI 4), in order to establish whether or not an individual was at the pre­
pubertal  or  the  pubertal  stage  (Fishman,  1982).  If the  ulnar  sesamoid  bone  was 
ossified, then the assessment continued by observing whether the individual was at 
SMI stage 8, and subsequent stages as shown in the flow chart. However, if the ulnar 
sesamoid bone was not ossified, it was next established whether stage 2 had been 
attained and subsequent steps were as indicated in the flow diagram.
SMI 4 
S
No Yes
No
SMI 1  
PP3=
SMI 2 
MP3=
Yes
SMI 3 
MP5=
SMI 8 
DP3U
SMI 5 
DP3Cap
I
SMI 6 
MP3 Cap
1
SMI 7 
MP5Cap
SMI 9 
PP3U
I
SMI 10 
MP3U
i
SMI  11 
RU
Figure 18. A flow diagram showing assessment of SMI stages from a hand-wrist radiograph.
(Adapted from Fishman, 1982)
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Fishman (1982)
Stage Bone event
1 PP3= The  epiphysis  of the  proximal  phalanx  of the  third  finger  has  the 
same width as the diaphysis.
2 MP3= The epiphysis of the middle phalanx of the third finger has the same 
width as the diaphysis.
3
MP5= The epiphysis of the middle phalanx of the fifth finger has the same 
width as the diaphysis.
4 S The ossification of the ulnar sesamoid bone
5 DP3Cap The diaphysis of the distal phalanx of the third finger is covered by 
cap-shaped epiphysis.
6
MP3 Cap The diaphysis of the middle phalanx of the third finger is covered by 
cap-shaped epiphysis.
7
MP5Cap The diaphysis of the middle phalanx of the fifth finger is covered by 
cap-shaped epiphysis.
8 DP3U Fusion of epiphysis and diaphysis of the distal phalanx of the third 
finger.
9 PP3U Fusion  of epiphysis  and  diaphysis  of the  proximal  phalanx  of the 
third finger.
10
MP3U Fusion of epiphysis and diaphysis of the middle phalanx of the third 
finger.
1   11 RU Fusion of epiphysis and diaphysis of the radius bone.
Table 8. Classification according to the SMI method  (Fishman, 1982).
Lateral cephalometric radiographs
Cervical vertebrae maturation was assessed using lateral cephalometric radiographs 
(Figure  19).  Observation was undertaken in a darkened room and utilising a black 
surround.  The outlines of the cervical vertebrae (c2-c6) were traced on 0.003  inch 
thickness matte acetate Cephalometric Tracing Paper (GAC International Inc.) with a 
0.5mm  diameter  (2B)  mechanical  lead  pencil.  The  CVM  observations  were  then 
classified into the stages described by Lamparski (1972), Hassel and Farman (1995) 
and Baccetti et al. (2002) (Tables 9 to 11 and Figure 20).
As with the hand-wrist radiographs, no more than 20 radiographs were observed on 
any  one  session  in  order to  minimise  errors  due  to  operator  fatigue.  One  month 
following the first observation, the operator repeated the observations using all three 
methods.
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Figure 19. An example of a lateral cephalometric radiograph from 
an Indonesian subject with the cervical vertebrae traced for observation.
CVM Stage Stage description
CVM Stage 1 The inferior borders of the bodies of all cervical vertebrae are flat. The superior 
borders are tapered from posterior to anterior.
CVM Stage 2 A concavity develops in the inferior borders of the second vertebrae. The anterior 
vertical height of the bodies increases.
CVM Stage 3 A concavity develops in the inferior border of the third vertebrae.
CVM Stage 4 A concavity develops in the inferior border of the fourth vertebrae. Concavities in 
the lower borders of the fifth and of the sixth vertebrae are beginning to form.
The bodies of all cervical vertebrae are rectangular in shape.
CVM Stage 5 Concavities are well defined in the lower borders of the bodies of all 6 cervical 
vertebrae. The bodies are nearly square in shape and the spaces between the 
bodies are reduced.
CVM Stage 6 All concavities have deepened. The vertebral bodies are now higher than their 
width.
Table 9. Cervical Vertebrae Maturation (CVM) description according to Lamparski (1972). 
(Adapted from Lamparski and Nanda, 2002)
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CVM Stage Stage description  1
CVM Stage 1 c2,c3,c4 inferior vertebral body borders are flat.
Superior vertebral borders are tapered posterior to anterior.
CVM Stage 2 Concavities developing in lower borders of c2 and c3.
Lower border of c4 is flat.
c3 and c4 are more rectangular in shape.
CVM Stage 3 Distinct concavities in lower borders of c2 and c3. 
c4 developing concavity in lower border of body. 
c3 and c4 are rectangular in shape.
CVM Stage 4 Distinct concavities in lower borders of c2, c3 and c4. 
c3 and c4 are nearly square in shape.
CVM Stage 5 Accentuated concavities of inferior vertebral body borders of c2, c3 and c4. 
c3 and c4 are square in shape.
CVM Stage 6 Deep concavities are present for inferior vertebral body borders of c2, c3 and c4. 
c3 and c4 heights are greater than widths.
Table 10. Cervical Vertebrae Maturation (CVM) description (Hassel and Farman, 1995).
OA C \
C 3 C 3 n □ a
i— \
U j   u j d Q  □ □ □
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Figure 20. Diagrammatic representation of CVM stages. 
(Modified from Baccetti et al., 2002)
CVM Stage Stage description
CVM Stage 1 The lower borders of all the three vertebrae are flat or there may be a concavity at 
the lower border of c2. The superior border of the vertebral body is tapered from 
posterior to anterior. The peak of the mandibular growth will occur not earlier 
than 1  year after this stage.
CVM Stage 2 Concavities develop at the lower border of c2 and c3. The vertebral bodies of c3 
and c4 may be either trapezoid (tapered) or rectangular horizontal in shape. The 
peak in mandibular growth will occur 1  year after this stage.
CVM Stage 3 Concavities at the lower border of c2, c3 and c4 are now obviously visible. The 
bodies of both c3 and c4 are rectangular horizontal in shape. The peak in 
mandibular growth has occurred within 1  or 2 years before this stage.
CVM Stage 4 Concavities at the lower borders of c2, c3 and c4 are present and at least one of 
the vertebral bodies of c3 and c4 is squared in shape. If not squared, the body of 
the vertebrae still rectangular horizontal. The peak in mandibular growth has 
occurred no later than 1  year before this stage.  |
CVM Stage 5 Concavities at the lower borders of c2, c3 and c4 become more obvious and 
distinct. At least one of the bodies of c3 and c4 is rectangular vertical in shape or 
if not rectangular vertical, the body of the other vertebrae is still squared. The 
peak in mandibular growth has occurred no later than 2 years before this stage.  |
Table 11. Cervical Vertebrae Maturation (CVM) description (Baccetti et al., 2002).
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Statistical analysis
For the repeatability study, the data for males and females were combined based on 
the assumption that the operator’s ability to observe the radiographs would not be 
different between the two genders. Cohen’s Kappa Coefficient was used to assess the 
repeatability of the hand-wrist (Grave and Brown’s method and Fishman’s SMI) and 
cervical vertebrae (Lamparski’s,  Hassel and Farman’s and Baccetti’s CVM  Index) 
methods, as all data were categorical. The criteria used to judge the Kappa values 
were as follows:
1   Category Kappa value (k)
I  Poor If k <  0.20
Fair If k  = 0.21 to 0.40
Moderate If k = 0.41 to 0.60
Substantial If k  = 0.61 to 0.80
Good If k  exceeds 0.80
----------------------
Table 12. Criteria to interpret Kappa value (Petrie and Watson, 1999).
2.2.3.  Results
Hand-wrist methods
Classification Kappa values Agreement  |
Grave and Brown 0.79 Substantial
Fishman (SMI) 0.83 Good
Table 13. Hand-wrist methods repeatability for Indonesians.
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Cervical vertebrae methods
|  Classification Kappa value Agreement
Lamparski 0.79 Substantial
Hassel and Farman 0.87 Good
Baccetti (CVM) 0.93 Good
Table 14. Cervical vertebrae methods repeatability for Indonesians.
The  Kappa  results  for  the  hand-wrist  and  cervical  vertebrae  methods  showed 
substantial or good intra-operator agreement for each classification.
2.2.4.  Discussion 
Hand-wrist methods
The Kappa values showed substantial or good agreement, hence the results support 
acceptable intra-operator repeatability for both methods.
The slightly better repeatability of the SMI (Fishman,  1982) compared with Grave 
and Brown’s classification (Grave and Brown, 1976) may be due to the distinct and 
clearer definitions of the SMI, as each of the stages has only one definition of bony 
events. In Grave and Brown’s classification, there is overlap of bony events in some 
of the stages and this may create difficulties in classifying the stages (Table 7). For 
instance, there is no clear definition of the ossification stage between hook of hamate 
1  and 2 (H-l and H-2) and yet they are classified into 2 different stages.
Although  San  Roman  et al.  (2002)  used  Grave  and  Brown’s  classification,  other 
studies have utilised the SMI (Chang et al., 1990; Hassel and Farman, 1990; Garcia- 
Femandez et al., 1998; Kucukkeles et al, 1999; Chang et al., 2001; Krailassiri et al., 
2002;  Cha,  2003;  Uysal  et al.,  2004;  Flores-Mir  et al.,  2006).  The  higher Kappa 
scores  for  the  SMI  in  the  present  repeatability  study  suggest  slightly  better
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repeatability and therefore a decision was made to use this method in the main study. 
The improved repeatability and the clearer definitions made it the method of choice.
Cervical vertebrae methods
The Kappa values for all three classifications showed substantial or good agreement. 
The  CVM  Index  (Baccetti  et  al.,  2002),  in  particular,  showed  high  repeatability 
compared with the other two classifications, probably due to the clear and concise 
definitions provided. For instance, if a concavity had developed on the lower border 
of the  second  cervical  vertebrae  (c2)  whilst  others  were  still  flat,  in  Hassel  and 
Farman’s classification it would have been difficult to classify; stage 1  was described 
as having flat lower borders of the c2, c3  and c4, whilst stage 2 was described as 
having a concavity developing on the lower border of c2 and c3 only. Baccetti et al. 
(2002) refined the initial Lamparski classification (1972) into a clearer and distinct 
classification accompanied by diagrams, which aided the interpretation of each stage.
A  number  of previous  studies  (Garcia-Femandez  et  al.,  1998;  Kucukkeles  et al., 
1999; Chang et al., 2001  San Roman et al.,  2002) were unable to use the modified 
CVM classification as it was not available at that time. However, the results of the 
present pilot study are in agreement with the study of Ballrick et al. (2005) who also 
found good Kappa scores when using the refined CVM classification (k  = 0.82). The 
refined CVM  classification (Baccetti et al.,  2002) was therefore used in the  main 
study.
2.2.5.  Conclusion
o  The  SMI  (Fishman,  1982)  and  CVM  Index  (Bacetti  et  al.,  2002)  had 
better repeatability than the other classifications tested in this study and 
were therefore chosen as the methods for the main study.
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2.3.  Intra-operator  Repeatability  Study:  Hand-wrist  and  Cervical 
Vertebrae Methods for Caucasian data
A repeatability study was also undertaken following the collection of the Caucasian 
data in order to ensure acceptable repeatability for the SMI and CVM Index in this 
sample group.
2.3.1. Subjects
One hundred subjects were randomly selected (50 subjects from each gender group) 
for  each  of the  methods  used  in  this  study  (hand-wrist  and  cervical  vertebrae 
methods).
2.3.2. Methods 
Hand-wrist radiographs
As in the previous section, hand-wrist radiographs were observed and then classified 
according to the SMI (Fishman, 1982) (Table 8).
Lateral cephalometric radiographs
As  in  the  previous  section,  the  CVM  Index  was  assessed  from  each  lateral 
cephalometric radiograph (Table 11).
Statistical analysis
Cohen’s Kappa Coefficient was used to assess repeatability.
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2.3.3.  Results
1   Ethnic group
Kappa 
value for 
SMI
Agreement
Kappa 
value for 
CVM
Agreement
Caucasian 0.84 Good 0.95 Good
Table 15. The SMI and CVM Index repeatability for Caucasians.
The Kappa results for both the SMI and the CVM Index showed good intra-operator 
agreement.
2.3.4.  Discussion 
Hand-wrist method
The Kappa (k ) values for the SMI showed good intra-operator agreement, indicating 
good repeatability for this method. The SMI offers an organised and relatively simple 
method to observe skeletal maturity, it employs  11  anatomical  sites located on the 
phalanges, adductor sesamoid and the radius, excluding the carpal bones (Flores-Mir 
et al., 2004).
Cervical vertebrae method
The Kappa value (k ) for the CVM Index also showed good intra-operator agreement. 
The main advantage of using this method is that it requires observation of only the 
second to the fourth vertebrae (c2-c4) which is convenient as this area is visible on 
most lateral cephalometric radiographs. The results of this repeatability study were 
similar to the study by Ballrick et al. (2005) who also found good Kappa scores (k   =  
0.82) when using Baccetti’s refined CVM classification.
73Subjects and Repeatability Study
2.3.5.  Conclusion
o  These results indicated good intra-operator repeatability for both the SMI 
and CVM Index in Caucasian subjects and therefore supported the use of 
these methods in the main study.
2.4.  Repeatability  study  for  cephalometric  data  (Indonesian  and 
Caucasian subjects)
A study was also undertaken to establish intra-operator repeatability of the methods 
used  for  assessing  the  cephalometric  data  (craniofacial  and  cervical  vertebrae 
morphology) for Indonesians and Caucasians.
2.4.1. Subjects
Three hundred  subjects  (100 Indonesian  subjects  from  each  gender  group  and  50 
Caucasian  subjects  from  each  gender  group)  were  randomly  selected  for  re­
observation.
2.4.2. Methods
The craniofacial and cervical vertebrae morphologies were evaluated on the lateral 
cephalograms.  A  customised  cephalometric  analysis  was  developed  and  the 
computer  program  was  written  by  Dr  Adrian  Hart  (Consultant  Orthodontist, 
Orthodontic Department, Raigmore Hospital, Inverness, UK) using GELA software. 
All  radiographs  were  initially  traced  on  0.003  inch  thickness  matte  acetate 
Cephalometric Tracing Paper (GAC International Inc.) with a 0.5mm diameter (2B) 
mechanical  lead  pencil.  Following  that,  the  tracings  were  digitised  using  a 
Numonics® Digitising light box and the GELA program.
Originally it had been intended that all lateral cephalometric radiographs would be 
directly digitised. However, due to technical difficulties, it was not feasible to use the 
customised GELA program in the United States and therefore a decision was made
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that all radiographs would be traced manually and then digitised in the UK in order 
to standardise the method. Previous studies have shown that there are no significant 
differences between manual tracing followed by digitisation of the tracing and direct 
digitisation  only  (Houston,  1982;  Sandler,  1988;  Oliver,  1991;  Turner  and 
Weerakone, 2001).
No more than 20 radiographs were observed in any one session in order to minimise 
errors due to operator fatigue. One month following the first observation, each of the 
cephalometric radiographs was re-traced and re-digitised and all measurements were 
re-calculated.
Craniofacial morphology
The following cephalometric landmarks were digitised (Table 16 and Figure 21):
ANS
Ba
Go
Poy
Me
I ______________I
Figure  21. Diagrammatic representation of the cephalometric landmarks used.
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Landmarks Definitions
S (Sella) The centre of the sella turcica, determined by inspection. 
(British Standards Classification,  1983)
N (Nasion) The most anterior point of the suture between the frontal and the nasal bones. 
(British Standards Classification,  1983)
ANS (Anterior 
Nasal Spine)
The tip of the anterior nasal spine as seen in the lateral skull radiograph. 
(British Standards Classification,  1983)
PNS (Posterior 
Nasal Spine)
The tip of the posterior spine of the palatine bone in the hard palate. 
(British Standards Classification,  1983)
Ar (Articulare) The point of intersection of the dorsal contours of the posterior border of the mandible, 
and the temporal bone (British Standards Classification,  1983)
Ba (Basion) The lowermost point on the anterior margin of the foramen magnum or, if this is 
obscured, the most superior point of the anterior margin of the base of the occipital 
condyles. (British Standards Classification,  1983)
Pog (Pogonion) The most anterior point on the bony chin. (British Standards Classification,  1983)
Me (Menton) The lowest point on the bony outline of the mandibular symphysis. 
(British Standards Classification,  1983)
Go (Gonion) The most lateral external point at the junction of the horizontal and ascending rami of 
the mandible. It is located by bisecting the angle formed by tangents to the posterior and 
inferior borders of the mandible. (British Standards Classification,  1983)
Table 16. Cephalometric landmarks used in this study.
The following figures represent the linear measurements obtained from digitisation 
of the lateral cephalograms (Figures 22 to 24):
Figure  22. Diagram showing the cranial base measurements (S-N, S-Ba and N-Ba).
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A N S
Figure  23. Diagram showing the linear measurements including maxillary landmarks. 
(N-ANS, ANS-PNS, ANS-Me and PNS-GoMe)
Figure  24. Diagram showing the linear measurements including mandibular landmarks.
(Ar-Pog, Ar-Go, S-Pog)
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Cervical vertebrae morphology
The  following  anatomical  points  were  digitised  from  c2  to  c4  to  obtain  the 
morphological dimensions of the cervical vertebrae (Table 17 and Figure 25):
Points Definitions 
* (Hellsing, 1991)
+ (Baccetti et al., 2002)
* cv2ap the apex of the odontoid process of the second cervical vertebrae
* cv2ia the most infero-anterior point on the body of the second cervical vertebrae
* cv2ip the most infero-posterior point on the body of the second cervical vertebrae
+ cv2m the deepest point on the lower border of the second cervical vertebrae
* cv3sa the most supero-anterior point on the body of the third cervical vertebrae
* cv3ia the most infero-anterior point on the body of the third cervical vertebrae
* cv3sp the most supero-posterior point on the body of the third cervical vertebrae
*cv3ip the most infero-posterior point on the body of the third cervical vertebrae
+ cv3m the deepest point on the lower border of the third cervical vertebrae
* cv4sa the most supero-anterior point on the body of the fourth cervical vertebrae
* cv4ia the most infero-anterior point on the body of the fourth cervical vertebrae
* cv4sp the most supero-posterior point on the body of the fourth cervical vertebrae
* cv4ip the most infero-posterior point on the body of the fourth cervical vertebrae
+ cv4m the deepest point on the lower border of the fourth cervical vertebrae
Table 17. Cervical vertebrae landmarks used in this study.
cv2ap
cv2ni
cv2ia cv2ip
evisa
r\3m
cvJia cviip
cv4ia
Figure 25. Diagram showing the cervical vertebrae landmarks. 
(Adapted from Baccetti et al., 2002)
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The  following  table  describes  the  measurements  obtained  by  digitisation  of the 
cervical vertebrae (Table 18):
Cervical
Vertebrae
Parameters used
c2 c2 height 
c2 width 
c2 concavity
cv2ap -  cv2ip (mm) 
cv2ia -  cv2ip (mm) 
cv2m perpendicular to  cv2ia/cvV2ip (mm)
c3 c3 anterior height 
c3 width 
c3 posterior height 
c3 concavity
cv3sa -  cv3ia (mm) 
cv3ia- cv3ip (mm) 
cv3ip -  cv3sp (mm) 
cv3m perp. to cv3ia/cv3ip (mm)
c4 c4 anterior height 
c4 width 
c4 posterior height 
c4 concavity
cv4sa -  cv4ia (mm) 
cv4ia -  cv4ip (mm) 
cv4ip -  cv4sp (mm) 
cv4m perp. to cv4ia -  cv4ip (mm)
Table 18. Measurements obtained by digitisation of the cervical vertebrae.
Statistical analysis
The data were analysed using Stata 8.2 for Windows program (Intercooled Stata for 
Windows version 8.2,  StataCorp LP, 4905  Lakeway Drive, College  Station, Texas 
77845,  USA).  Bland  and  Altman’s  method  (Bland  and  Altman,  1986)  and  Lin’s 
Concordance Correlation (Lin, 1989; 1992) were utilised.
Bland and Altman method (Bland and Altman, 1986; Petrie and Watson, 1999)
This was used to investigate the error of the method used for the craniofacial and 
cervical vertebrae morphology. The first stage of the Bland and Altman method is a 
paired /-test to establish whether there is any evidence of bias (i.e. systematic error) 
in the measurements (Petrie and Watson,  1999). The next stage involves plotting the 
difference between each pair of measurements on the y-axis against the mean of each 
pair of measurements on the x-axis. If there is no evidence of bias, a random scatter 
of points can be seen around the line of zero difference on the y-axis. However, if 
there  is  evidence  of bias,  more  points  will  be  observed  on  one  side  of the  zero 
difference  line,  signifying  a  systematic  error.  Finally,  random  error  was  assessed 
from the 95% limits of agreement (mean difference ± 2 standard deviations of the
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difference). Clinically acceptable limits of agreement for each parameter tested were 
determined a priori (Table  19 and 20). From comparison of the observed limits of 
agreement  with  the  pre-determined  clinically  acceptable  limits,  one  can  decide 
whether  the  agreement  between  pairs  of readings  is  acceptable  and  whether  the 
measurements can  be  considered repeatable  (Bland and  Altman,  1986;  Petrie  and 
Watson,  1999). The Bland and Altman method also permits an objective assessment 
of the likely magnitude of the effect of the measurement error on recorded outcomes 
(for continuous data).
Lin’s Concordance Correlation Coefficient (Lin, 1989; 1992)
This  method  was  also  used  to  investigate  the  error  of  the  method  for  the 
cephalometric  analysis.  The  first  measurement  of each  pair  of observations  was 
plotted on the y-axis, whilst the second measurement was plotted on the x-axis.  If 
there  was  a perfect agreement,  all  of the points  would  fall  on  a 45°  line passing 
through  the  origin.  Lin's  Concordance  Correlation  Coefficient  (pc)  measures  the 
extent to which the two measurements deviate from the line of perfect concordance. 
It includes measurements of accuracy (Cb) and precision (p). The “slope” represents 
the gradient of the best fit line, whilst the “intercept” represents where the best fit 
line crosses the origin.
I   Craniofacial morphology Parameters to be 
analysed
Clinically 
acceptable limits of 
agreement
Cranial Base Relationship
1.  S-N 2 mm
2.  S-Ba 2 mm
3.  N-Ba 2 mm
Maxillary Skeletal Relationship
Antero-Posterior 4.  ANS-PNS 2 mm
Vertical 5.  N-ANS 2 mm
6.  ANS-Me 2 mm
7.  PNS to GoMe 2 mm
Mandibular Skeletal
Relationship
Antero-Posterior 8.  Ar-Pog 2 mm
9.  S-Pog 2 mm
|  Vertical 10.  Ar-Go 2 mm
Table 19. Clinically acceptable limits of agreement for craniofacial linear measurements
(determined a priori).
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I   Cervical 
Vertebrae
Parameters to be analysed Clinically 
acceptable limits of 
agreement
c2 c2 height c2h 2 mm
c2 width c2w 2 mm
c2 concavity c2c 1.5 mm
c3 c3 anterior height c3ah 2 mm
c3 width c3w 2 mm
c3 posterior height c3ph 2 mm
c3 concavity c3c 1.5 mm
c4 c4 anterior height c4ah 2 mm
c4 width c4w 2 mm
c4 posterior height c4ph 2 mm
c4 concavity c4c 1.5 mm
Table 20. Clinically acceptable limits of agreement for cervical vertebrae morphology
(determined a priori).
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2.4.3.  Results
The paired /-test results  for both ethnic groups  showed no  evidence  of systematic 
error (bias) (Tables 21  and 22).  The results of the  Bland and Altman method are 
presented as scatter plots which show a random scatter of points around the line of 
zero  difference  for  all  parameters  tested  (Tables  21  and  22).  Based  on  clinical 
judgement,  it was decided that the 95% limits of agreement were acceptable.  The 
figures illustrating the Lin’s Concordance Correlation and 95% limits of agreement 
are available as appendix on the CD included with this dissertation.
The Lin’s Concordance Correlation also showed good correlations between the two 
measurements for both ethnic groups (Tables 21 and 22).
Indonesian subjects (Males and Females)
Lin’s Concordance Correlation 
pc  Cb  Slope  Intercept Mean diff.
Bland and Altman 
SD  LOA 
(diff.)
P
S-N 0.990 1.000 1.006 -0.396 0.005 0.504 -0.982, 0.992 0.889
S-Ba 0.987 1.000 0.999 0.070 0.002 0.625 -1.223,  1.228 0.955
N-Ba 0.994 1.000 1.000 0.045 0.055 0.611 -1.143,  1.253 0.205
ANS-PNS 0.982 1.000 1.019 -0.975 -0.075 0.595 -1.241,  1.091 0.076
N-ANS 0.991 1.000 0.996 0.199 -0.007 0.527 -1.040,  1.025 0.841
ANS-Me 0.993 1.000 1.010 -0.613 0.040 0.585 -1.407,  1.587 0.335
PNS-GoMe 0.986 1.000 0.989 0.442 0.025 0.626 -1.201,  1.251 0.573
S-Pog 0.998 1.000 0.005 -0.561 0.015 0.542 -1.047,  1.077 0.696
Ar-Go 0.991 1.000 0.993 0.326 0.030 0.609 -1.164,  1.224 0.487
Ar-Pog 0.997 1.000 1.005 -0.547 -0.023 0.557 -1.113,  1.068 0.568
c2h 0.972 0.999 0.981 -0.096 -0.093 0.828 -1.716,  1.531 0.145
c2w 0.964 1.000 0.986 0.212 0.025 0.397 -0.753, 0.803 0.374
c2c 0.945 1.000 1.003 0.021 0.025 0.300 -0.562, 0.612 0.239
c3ah 0.991 1.000 0.983 0.134 -0.013 0.323 -0.645, 0.620 0.584
c3ph 0.978 1.000 1.001 -0.003 0.005 0.408 -0.764, 0.803 0.869
c3w 0.970 1.000 1.006 -0.075 0.007 0.360 -0.697, 0.712 0.768
c3c 0.968 0.999 1.045 -0.021 0.020 0.229 -0.428, 0.468 0.218
c4ah 0.988 1.000 1.001 -0.030 -0.020 0.350 -0.707, 0.667 0.420
c4ph 0.982 1.000 1.004 -0.012 0.030 0.367 -0.690, 0.750 0.249
c4w 0.969 1.000 0.976 0.314 -0.002 0.383 -0.754, 0.749 0.927
1   c4c 0.959 1.000 0.988 0.002 -0.007 0.243 -0.484, 0.469 0.663
Table 21. Repeatability test results for the craniofacial and cervical vertebrae 
parameters for Indonesian subjects.
All results were non significant (P>0.05) for the presence of systematic error. 
(pc= Lin’s Concordance Correlation Coefficient; Cb = accuracy measurement; 
LOA = Limits of agreement)
82Subjects and Repeatability Study
Caucasian subjects (Males and Females)
Lin’s Concordance Correlation 
pf  Cb  Slope  Intercept Mean difT
Bland and Altman 
SD (diff)  LOA P
S-N 0.996 1.000 1.008 -0.526 0.050 0.366 -0.667,0.767 0.175
S-Ba 0.993 1.000 1.007 -0.366 0.000 0.408 -0.800, 0.800 1.000
N-Ba 0.999 1.000 1.007 -0.749 0.035 0.328 -0.607, 0.677 0.288
ANS-PNS 0.996 1.000 1.007 -0.411 -0.010 0.396 -0.785, 0.765 0.801
N-ANS 0.995 1.000 0.998 0.120 0.000 0.396 -0.776,0.776 1.000
ANS-Me 0.998 1.000 0.996 0.255 0.010 0.355 -0.686, 0.706 0.779
PNS-GoMe 0.981 0.999 1.038 -1.339 0.145 0.802 -1.427,  1.717 0.074
S-Pog 0.995 1.000 0.994 0.687 -0.005 0.783 -1.540,  1.530 0.949
Ar-Go 0.960 0.998 1.047 -1.766 0.215 1.380 -1.584, 2.074 0.123
Ar-Pog 0.998 1.000 0.996 0.391 -0.15 0.566 -1.125,  1.095 0.792
c2h 0.993 1.000 1.007 -0.220 0.030 0.339 -0.635, 0.695 0.379
c2w 0.974 1.000 0.982 0.271 0.015 0.337 -0.645, 0.675 0.657
c2c 0.964 1.000 0.970 0.057 -0.005 0.251 -0.497, 0.487 0.843
c3ah 0.991 1.000 1.001 -0.026 -0.010 0.389 -0.773, 0.753 0.798
c3ph 0.988 1.000 1.026 -0.328 0.015 0.344 -0.660, 0.690 0.664
c3w 0.984 0.999 0.959 0.592 0.000 0.326 -0.638, 0.638 1.000
c3c 0.980 1.000 0.997 -0.010 -0.015 0.219 -0.443,0.413 0.494
c4ah 0.989 1.000 0.975 0.328 0.040 0.394 -0.732, 0.812 0.312
c4ph 0.988 1.000 1.003 -0.055 -0.015 0.310 -0.617, 0.597 0.747
c4w 0.980 0.999 0.970 0.482 0.050 0.366 -0.067, 0.767 0.175
c4c 0.979 1.000 0.978 0.020 -0.010 0.235 -0.472, 0.452 0.672
Table 22. Repeatability test results for the craniofacial and cervical vertebrae 
parameters for Caucasian subjects.
All results were non significant (P>0.05) for the presence of systematic error. 
(pc= Lin’s Concordance Correlation Coefficient; Cb = accuracy measurement; 
LOA = Limits of agreement)
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2.4.4. Discussion
The paired /-test results for the craniofacial and cervical vertebrae measurements for 
both ethnic groups showed no evidence of systematic error (bias) as indicated by the 
non-significant P-values.
Ninety five percent limits of agreement were calculated to assess agreement for each 
of the craniofacial and cervical vertebrae measurements. It was decided that, based 
on acceptable clinical values determined a priori, the 95% limits of agreement were 
acceptable  and  therefore  it  was  concluded  that,  for  all  variables,  the  two 
measurements agreed and the methods were repeatable.
The  Lin’s  Concordance  Correlations  similarly  showed  good repeatability  between 
the two measurements for both ethnic groups.
2.4.5. Conclusion
o  The Bland and Altman method results, as well as the Lin’s Concordance 
Correlations,  for  the  craniofacial  and  cervical  vertebrae  parameters 
showed  acceptable  agreement  between  the  repeated  measurements  and 
therefore the methods were justified for use in the main study.
2.5. General Discussion
This repeatability study showed good intra-operator repeatability for the hand-wrist 
method (SMI), the cervical vertebrae method (CVM Index) and the craniofacial and 
cervical vertebrae measurements.
Although  the  methodology  used  in  this  study  (i.e.  tracing  and  digitising  the 
cephalometric  radiographs)  was  time  consuming,  studies  have  shown  that  there 
appears to be no statistically significant differences between manual tracing and/or 
direct digitisation, thus the current method was considered valid for use in the main 
study (Houston, 1982; Sandler, 1988; Oliver, 1992).
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2.6.  Conclusions
o  This  study  showed  good  intra-operator  agreement  for the  SMI  and 
CVM Index for both ethnic groups, 
o  The  paired  /-tests  for  craniofacial  and  cervical  vertebrae 
measurements showed no evidence of bias in either ethnic group and 
the 95% limits of agreement were acceptable, hence the methodology 
showed acceptable repeatability.
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ASSESSMENT OF SKELETAL MATURATION IN INDONESIAN 
AND CAUCASIAN CHILDREN USING THE SKELETAL 
MATURATION INDEX AND CERVICAL VERTEBRAE
MATURATION INDEXAssessment of skeletal maturation in Indonesian and Caucasian children
using the SMI and CVM Index
3.1. Aims
The aim of this study was:
•  To investigate the stages of skeletal maturity of Deutero-Malay Indonesian 
children using hand-wrist and cervical vertebrae skeletal development and to 
compare these findings with children of Caucasian origin.
3.2. Subjects
As described in Chapter 2, this study included 2,167 subjects: 648 Indonesian males, 
303  Caucasian males (age range  10 to  17 years), 774 Indonesian females and 442 
Caucasian females (age range 8 to 15 years) (Table 6).
3.3. Methods 
Hand-wrist radiographs
The hand-wrist radiographs for all subjects were observed in a darkened room and a 
black  surround was  used on the  light box  to  eliminate  excess  light and  facilitate 
landmark identification.  Each radiograph was then classified according to the  SMI 
(Fishman, 1982) (Table 7 and Figure 18).
Lateral cephalometric radiographs
Assessment of the CVM Index was similarly undertaken in a darkened room with a 
black surround on the light box. The outlines of the cervical vertebrae (c2-c4) were 
traced  on  0.003  inch  thickness  matte  acetate  cephalometric  tracing  paper  (GAC 
International Inc.) with a 0.5 mm diameter (2B) mechanical lead pencil. The CVM 
readings  were  then  classified  into  the  stages  described  by  Baccetti  et  al.  (2002) 
(Table 11 and Figure 20).
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3.4.  Statistical analysis
Data  were  analysed  using  SPSS  version  12.0.1  for  Windows  program  (SPSS  for 
Windows version 12.0.1  SPSS UK Ltd.  1st Floor, St. Andrew’s House, West Street, 
Woking, Surrey, GU21  1EP).
Box-and-whisker plots were used to provide a summary of the age distribution for 
each skeletal development stage according to both the hand-wrist (SMI) and cervical 
vertebrae method (CVM Index).
In  addition,  multiple  regression  analysis  was  used  to  predict  the  SMI  from  the 
chronological age, as well as to investigate whether there was any difference in the 
skeletal maturity in relation to age between the two ethnic  groups.  To predict the 
SMI from the chronological age in each gender/ethnic subgroup, the statistical model 
took the form of:
j> = b0 + bjx + b2X 2
where y  was the predicted SMI stage, b0 was the constant, bi and b2 were regression 
coefficients, x was age and x2 was age2.
To investigate differences in the age of attainment of skeletal development between 
Indonesians and Caucasians, further multiple regression analyses were undertaken. 
The earlier models were extended to include a dummy variable to code for ethnicity 
(coded “0” for Indonesians and “1” for Caucasians).
Multiple  regression  analysis  was  undertaken  only  for  the  SMI,  not  for the  CVM 
Index. When undertaking multiple regression analysis a continuous scale, or at least 
an ordinal scale with sufficient (ten or more) categories, is required.  As the CVM 
Index has only 5 categories, it was not considered appropriate to analyse CVM data 
in this way.
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3.5.  Results
3.5.1 Skeletal maturation assessment using the SMI and the CVM Index
Hand-wrist method
Figure 26 represents the distribution of chronological age on attainment of each SMI 
developmental  stage  for males  from  both  ethnic  groups.  It  can  be  seen  from  the 
median chronological age that the Caucasian children tended to mature earlier than 
the Indonesians. However, there were some developmental stages where the median 
ages of the Caucasians were the same as those of the Indonesians, for example stages 
2  and  8  where  both  ethnic  groups  attained  these  stages  at  11  years  and  15  years 
respectively.
ethnic group
■   Indonesian
■  Caucasian
Figure 26. A box-and-whisker plot of the chronological age on the attainment of 
each SMI stage for Indonesian and Caucasian males.
Table 23  shows the mean chronological  age on attainment of each  SMI  stage  for 
males of both ethnic groups. On average, the Caucasian males developed earlier than 
the  Indonesians,  including  attainment  of the  pubertal  growth  spurt.  For  example,
gender Male
1-----------1 -----------1 -----------1 -----------1 -----------1 -----------1 -----------r
10.0  110  12.0  130  14.0  150  16.0  170
Age(yrs)
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stage 6 (MP3Cap), which is considered to be the stage at which peak pubertal growth 
occurs  (Bjork  and  Helm,  1967;  Fishman,  1982),  was  attained  at  13.17  years  in 
Caucasian children, whilst the Indonesian children reached the same stage at  14.61 
years. There was an exception for stage 9 (PP3u), in which the Indonesians reached 
this stage slightly earlier. However, it must be noted that there were small numbers 
of subjects (8 Indonesians and 6 Caucasians) classified into this stage (Table 23) and 
the result may be a consequence of sampling error.
Males
SMI Stages Number
of
subjects
(IM)
(%)
Age Number
of
subjects
(CM)
(%)
Age
Mean
age
(years)
SD Mean
age
(years)
SD
1 (PP2=) 126 19.4 11.22 1.06 21 6.9 10.66 0.79
2 (MP3=) 94 14.5 11.95 1.26 26 8.6 11.29 1.13
3 (MP5=) 95 14.7 12.53 1.07 33 10.9 12.23 1.08
4 (S) 54 8.3 13.35 1.21 22 7.3 12.20 1.24
5 (DP3Cap) 4 0.6 14.28 1.12 21 6.9 13.04 0.81
6 (MP3 Cap) 31 4.8 14.61 0.95 32 10.6 13.17 0.98
7 (MP5Cap) 102 15.7 14.70 1.12 51 16.8 14.54 1.11
8 (DP3U) 45 6.9 15.28 0.83 27 8.9 14.96 0.88
9 (PP3U) 8 1.2 15.52 0.83 6 2.0 16.05 1.39
10 (MP3U) 72 11.1 16.00 0.93 41 13.5 15.72 1.08
11  (RU) 17 2.6 17.35 0.58 23 7.6 16.85 0.90
Females
SMI Stages Number
of
subjects
(IF)
(%)
Age Number
of
subjects
(CF)
(%)
Age
Mean
age
(years)
SD Mean
age
(years)
SD
1 (PP2=) 102 13.2 8.97 0.84 18 4.1 8.77 0.85
2 (MP3=) 106 13.7 9.96 1.09 16 3.6 9.92 1.51
3 (MP5=) 76 9.8 10.76 1.34 13 2.9 10.86 1.19
4 (S) 70 9.0 11.04 1.22 39 8.8 11.05 0.94
5 (DP3Cap) 4 0.5 11.91 1.38 17 3.8 11.33 0.97
6 (MP3Cap) 51 6.6 11.77 0.99 55 12.4 12.28 1.03
7 (MP5Cap) 117 15.1 12.77 1.11 56 12.7 12.71 0.99
8 (DP3U) 96 12.4 13.36 1.01 48 10.9 13.25 0.99
9 (PP3U) 15 1.9 13.99 1.16 4 0.9 13.99 0.98
10 (MP3 U) 116 15.0 14.42 1.01 91 20.6 14.33 1.11
11  (RU) 21 2.7 15.26 0.40 85 19.2 15.27 0.85
Table 23. Subjects classified according to the SMI method.
(IM = Indonesian Males; IF = Indonesian Females; CM = Caucasian Males; 
CF = Caucasian Females; SD = Standard Deviation; (%) = Percentage)
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The  females  (Figure  27)  showed  a  less  clear-cut  pattern  than the  males.  Stage  6 
(MP3Cap) was attained around six months earlier in the Indonesian females (11.5 
years) than in their Caucasian peers (12 years). There were also a number of stages 
where  the  median  ages  of the  Caucasians  were  the  same  as  the  Indonesians,  for 
example stages 2, 3, 4, 7, 8 and 10 (reached at 9.5 years,  10.5 years,  11  years,  12.5 
years,  13  years  and  14  years  respectively).  Only  in  stages  1,  5  and  9  did  the 
Caucasian group attain the developmental  stage at an earlier median age than the 
Indonesian females.
ethnic group
■   Indonesian
■  Caucasian
Figure 27. A box-and-whisker plot of the chronological age on the attainment of 
each SMI stage for Indonesian and Caucasian females.
Table 23  shows the mean chronological age on attainment of each  SMI  stage for 
females of both ethnic groups. Again, the differences were less clear-cut than for the 
males.  For  stages  1,  2,  5,  7,  8  and  10,  the  Caucasians  attained these  stages  at  a 
slightly younger age than the Indonesians but the differences were relatively small. 
Stages 4, 9 and 11 were attained at approximately the same age for both groups and 
for stages 3 and 6, the Indonesians reached these stages at a slightly earlier mean age 
than the Caucasians. It must be noted that some of the stages had a relatively small
gender: Female
n   I   l   I - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - -r
8.0  9.0  10.0  11.0  12.0  130  140  ISO
Age (yrs)
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number of subjects classified (especially stages 5 and 9), hence there is the potential 
for spurious results.
Table  24  shows  the  mean  chronological  age  of  selected  SMI  stages  for  the 
Indonesian and Caucasian children compared with different ethnic groups that have 
been  investigated  previously,  namely  Australian  Aborigines  (Grave  and  Brown, 
1976), Caucasians (Fishman,  1982), Chinese/Taiwanese (Chang et al.,  1990), Thai 
(Krailassiri et al., 2002), and Turkish children (Uysal et al, 2004). It can be seen 
that, on average, the Indonesian males reached SMI stage 6 or MP3 Cap (which is 
considered to be the stage at which peak pubertal growth occurs) later than the other 
ethnic  groups.  Whilst  for  females,  the  Indonesians  reached  stage  6  of the  SMI 
(MP3Cap), earlier than the other ethnic groups. The exception to this was the Thai 
children  who  attained  the  same  stage  slightly  earlier than  the  Indonesians  (11.40 
years compared with 11.77 years).
For the Caucasian males in the current study, stage 6 (MP3Cap) was reached slightly 
earlier (13.17 years) than the other ethnic groups, with the exception of the Turkish 
males (13.11 years). The data for the Caucasian females showed more variation, with 
stage 6 being reached earlier than some ethnic groups (Chinese and Aborigines) but 
later than others (Caucasians in Fishman’s study, Thai and Turkish).
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Stage
Grave and 
Brown (1976)
Fishm an
(1982)
Chang et al 
(1990)
Krailassiri et 
al  (2002)
Uysal et al 
(2004)
This study This study
Aborigines Caucasian Chinese/Taiwan Thailand Turkish Indonesian Caucasian
Male Female Male Female Male Female Male Female Male Female Male Female Male Female
MP3= 11.20 9.70 11.68 10.58 12.04 9.80 11.20 9.70 12.01 9.06 11.95 9.86 11.29 9.92
(1.30) (1.00) (1.06) (0.88) (0.94) (1.00) (1.50) (1.00) (2.08) (1.04) (1.26) (1.09) (1.13) (1.51)
S 13.50 11.30 12.33 11.22 13.06 11.20 11.60 10.20 13.05 11.01 13.35 11.04 12.20 11.05
(0.90) (1.30) (1.09) (1.11) (0.91) (0.80) (1.30) (1.20) (2.03) (2.10) (1.21) (1.22) (1.24) (0.94)
MP3 Cap 14.00 12.40 13.75 12.06 14.07 12.57 13.20 11.40 13.11 12.03 14.61 11.77 13.17 12.28
(0.80) (1.20) (1.06) (0.96) (0.87) (0.85) (1.20) (1.30) (3.01) (1.00) (0.95) (0.99) (0.98) (1.03)
DP3U 15.40 13.10 15.11 13.10 14.96 13.45 14.30 12.60 15.01 13.02 15.28 13.36 14.96 13.25
(0.70) (1.00) (1.03) (0.87) (1.00) (1.03) (0.80) (1.40) (1.04) (1.01) (0.83) (1.01) (0.88) (0.99)
MP3U 16.00 14.30 16.40 14.77 15.91 14.32 15.40 14.10 15.05 13.07 16.00 14.42 15.72 14.33
(0.90) (1.10) (1.00) (0.96) (0.96) (1-05) (1.70) (1.50) (2.05) (0.10) (0.93) (1.01) (1.08) (1.11)
Table 24. Mean chronological age in years (SD) at selected SMI stages for subjects in this study 
compared with different ethnic groups from previous studies.
NB: MP3Cap (stage 6 of the SMI) is shaded as this is the stage at which peak pubertal growth is assumed to occur (Bjork and Helm, 1967; Fishman, 1982).
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Cervical vertebrae method
Skeletal  development using the  CVM  method  (Baccetti  et al.,  2002),  showed  the 
same trend for males as the SMI. Figure 28 shows that the Caucasians reached stages 
2, 3 and 5 at earlier median ages than the Indonesians. However, for stages 1   and 4, 
the median ages of attainment were the same for both ethnic groups (11 years and 15 
years respectively).
ethnic group
■   Indonesian
■  Caucasian
Figure 28. A box-and-whisker plot of the chronological age on the attainment of 
each CVM stage for Indonesian and Caucasian males.
Table 25  shows the mean chronological age of attainment for each developmental 
stage.  It  can  be  seen  that  Caucasian  males  reached  each  stage  earlier  than  the 
Indonesians.
gender: Male
“ I  I  i  I  I  I -------------- 1 --------------1
10.0  11.0  12.0  13.0  14.0  15.0  16.0  17.0
Age (yrs)
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gender: Female
ethnic group
■ Indonesian
■ Caucasian
Age (yrs)
Figure 29. A box-and-whisker plot of the chronological age on the attainment of 
each CVM stage for Indonesian and Caucasian females.
For females, the differences were less obvious. Figure 29 shows that the median age 
of attainment of stages 2, 3, 4 and 5 occurred at approximately 11  years,  12.5 years, 
14 years and  15 years, respectively, in both ethnic groups. Only in stage  1   did the 
Caucasian females attain the stage earlier than their Indonesian peers.
Table 25 shows the mean chronological age of attainment of each CVM stage where, 
the Caucasians developed earlier than the Indonesians for stages 1  to 3, although the 
differences were relatively small. For stages 4 and 5, the Indonesian females reached 
the stages slightly earlier than the Caucasian females but again, the differences in 
ages were small. It must be noted that there were 7 subjects classified into stage 5, 
hence there is the potential for this result to be spurious. However, this is unlikely to 
be the reason for the stage 4 findings where there were 177 subjects classified.
95Assessment of skeletal maturation in Indonesian and Caucasian children
using the SMI and CVM Index
Males
CVM
Stages
Number of 
subjects 
(IM)
(%)
Age Number of 
subjects 
(CM)
(%)
Age
Mean
age
(years)
SD
Mean
age
(years)
SD
1 253 39.0 11.73 1.24 72 23.8 11.38 1.15
2 117 18.1 12.82 1.34 34 11.2 12.44 1.18
3 159 24.5 14.76 1.09 114 37.6 14.07 1.34
4 100 15.4 15.80 0.99 66 21.8 15.54 1.23
5 19 2.9 17.03 0.94 17 5.6 16.84 1.00
Females
CVM
Stages
Number of 
subjects 
(IF)
(%)
Age Number of 
subjects 
(CF)
(%)
Age
Mean
age
(years)
SD
Mean
age
(years)
SD
1 269 34.8 9.69 1.18 44 10.0 9.55 1.35
2 95 12.3 11.19 1.39 51 11.5 11.11 0.89
3 226 29.2 12.83 1.25 125 28.3 12.58 1.09
4 177 22.9 14.15 1.19 187 42.3 14.26 1.29
5 7 0.9 14.68 1.03 35 7.9 15.33 0.81
Table 25. Subjects classified according to the CVM method.
(IM = Indonesian Males; IF = Indonesian Females; CM = Caucasian Males;
CF = Caucasian Females; SD = Standard Deviation; (%) = Percentage)
Table 26 shows the mean chronological age at each CVM stage for the Indonesian 
and Caucasian children compared with Australian Aborigines (Grave and Townsend, 
2003a).  It shows that the Indonesian males  and females reached each  CVM  stage 
later than the Aborigines, although some of the differences were relatively small. The 
same findings were noted for Caucasian males and females,  with the exception of 
stage 1  in Caucasian females.
CVM
Stage
Grave and 
Townsend (2003a)
This study This study
Aborigines Indonesian Caucasian
Males Females Males Females Males Females
1 10.97
(1.14)
9.67
(1.06)
11.73
(1.24)
9.69
(1.18)
11.38
(1.15)
9.55
(1.35)
2 12.08
(0.96)
10.80
(1.05)
12.82
(1.34)
11.19
(1.39)
12.44
(1.18)
11.11
(0.89)
3 13.45
(0.90)
12.17
(1.07)
14.76
(1.09)
12.83
(1.25)
14.07
(1.34)
12.58
(1.09)
4 14.67
(0.78)
13.39
(1.10)
15.80
(0.99)
14.15
(1.19)
15.54
(1.23)
14.26
(1.29)
5 15.62
(0.71)
14.67
(1.14)
17.03
(0.94)
14.68
(1.03)
16.84
(1.00)
15.33
(0.81)
Table 26. Mean chronological age in years (SD) at each CVM stage compared 
with the Aborigines (Grave and Townsend, 2003a).
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3.5.2.  Regression analysis
Multiple regression analysis was used to model the relationship between SMI stage 
and chronological age. Both the Indonesian and Caucasian male groups showed high 
R2 values of 0.728 and 0.739 respectively (Table 27). Figure 30 shows the general 
trend of the attainment of each SMI stage for males in both ethnic groups in relation 
to chronological age. It shows that there were differences between the Indonesians 
and Caucasians, where the Caucasian males reached each SMI stage earlier than the 
Indonesians. However, by the age of 17 years, the growth of the Indonesian children 
appeared to equalise with that of the Caucasians.
gender:  Male
Unstandardized 
Predicted Value 
(Cauc) 
age
95% L a  for 
SM I Stage Individual
(Cauc) 
age
95% U Cl for 
SMI Stage Individual 
(Cauc) 
age
Unstandardized 
.  Predicted Value 
I" (Indo) 
age
95% L Cl for 
i  SMI Stage Individual 
Mlndo) 
age
95% U Cl for 
■   SMI Stage Individual 
(Indo) 
age
i  i  i  i  i  i  i  i
10  11  12  13  14  15  16  17
Age (yrs)
Figure 30. Predicted SMI stage in relation to chronological age. 
(Indonesian and Caucasian males)
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97Males
Ethnic
group
R2
Unstandardized Coefficient
Constant (b0) Age (bj) Age2 (b2)
b0
95%
Cl
(lower)
95% Cl 
(upper) P b,
95%
Cl
(lower)
95% Cl 
(upper) P b2
95%
Cl
(lower)
95% Cl 
(upper) P
Indonesian 0.728 - 3.439 - 8.984 2.107 0.224 -0.119 - 0.947 0.708 0.224 0.053 0.022 0.083 0.001
Caucasian 0.739 - 12.190 -18.939 - 5.442 <0.001 1.410 0.415 2.405 0.006 - 0.006 -0.042 0.031 0.764
Females
Indonesian 0.755 -8.339 - 11.759 -4.918 <0.001 1.039 0.448 1.629 0.001 0.011 -0.014 0.035 0.407
Caucasian 0.748
-13.097 - 17.654 -8.54 <0.001 1.939 1.208 2.670 <0.001 - 0.027 - 0.056 0.002 0.068
Table 27. Regression analysis results of predicted SMI stage in relation to chronological age for Indonesians and Caucasians.
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< ■ >
Both the Indonesian and Caucasian females showed high R  values (0.755 and 0.748 
respectively)  (Table  27).  Figure  31  illustrates  the  predicted  SMI  stages  for  both 
Indonesian and Caucasian females. It shows that even though there were differences 
in the  attainment of each  SMI  stage,  whereby the  Caucasians  seemed to  develop 
earlier than the  Indonesians, these differences were not as obvious as  in the male 
group.  In addition,  around the  age  of 15  years  the  growth of the  Indonesian  and 
Caucasian females appeared to equalise.
s M
i
s
t
a
9
e
Age (yrs)
Figure 31. Predicted SMI stage in relation to chronological age.
(Indonesian and Caucasian females)
In  the  comparison  between  the  ethnic  groups,  Table  28  shows  the  ethnic  group 
regression coefficients to be 1.001  for males (95% Cl 0.777 to 1.226) and 0.494 for 
females  (95%  Cl  0.305  to  0.682).  This  indicates  that,  across  the  age  range 
investigated,  on average  for a particular age, the  Caucasian male children were  1  
SMI stage ahead of the Indonesian males, whilst the Caucasian female children were 
approximately 0.5 SMI stage ahead of the Indonesian females.
gender:  Female
Unstandardized 
Predicted Value
(Cauc)
age
95% L Cl for 
SMI Stage Incfcvidual
(Cauc)
age
95% U Cl for 
SMI Stage individual
(Cauc)
age
Unstandardized 
■   Predicted Value 
'r  (Indo) 
age
95% L Cl for
+
 SMI Stage Individual
(Indo)
age
95% U Cl for 
_i  SMI Stage Individual
^  (Indo) 
age
99Gender R2
Unstandardized Coefficient
Constant (b0) Age (b0 Age2 (b2) Ethnic group (b3)
b0 95%
Cl
(lower)
95%
Cl
(upper)
P b, 95%
Cl
(lower)
95%
Cl
(upper)
P b2 95%
Cl
(lower)
95% Cl 
(upper)
P b3 95%
Cl
(lower)
95%
Cl
(upper)
P
Males 0.740 - 7.290 -11.595 -2.984 0.001 0.482 -0.158 1.122 0.140 0.030 0.007 0.0053 0.012 1.001 0.777 1.226 <0.001
Females 0.774 -10.432 -13.014 -7.849 <0.001 1.411 0.976 1.846 <0.001 - 0.005 -0.023 0.012 0.548 0.494 0.305 0.682 <0.001
Table 28. Regression analysis of the differences in the age of attainment of skeletal development between Indonesians and Caucasians.
The ethnic group regression coefficient (b3  in bold) represents the average increased value of the predicted SMI in Caucasians relative to Indonesians.
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3.6.  Discussion
3.6.1.  Skeletal maturation assessment using SMI and CVM Index
This study found marked variation in the chronological age for skeletal maturation as 
assessed by both the  SMI and CVM Index.  Therefore,  chronological  age  is not a 
reliable clinical tool, in isolation, to assess an individual’s maturity for the purpose of 
diagnosis and treatment planning in orthodontics (Figures 26 to 29).
SMI
The Caucasian males reached each SMI stage at a younger age than the Indonesian 
males  (Figure 26  and Table 23).  However, the  differences  were  less  clear-cut for 
females (Figure 27 and Table 23).
When the mean chronological ages  at selected  SMI  stages  for the  children in the 
current study were compared with published data for other ethnic groups (Table 24), 
it can be seen that the Indonesian males reached peak pubertal  growth (stage 6 or 
MP3 Cap)  between  7  months  and  1.5  years  later  than  other  ethnic  groups.  The 
Caucasian males in the current study reached the same stage around half to one year 
earlier than the Aborigines, Chinese/Taiwanese and Caucasians in Fishman’s study, 
but at approximately the same age as the Thai and Turkish children (13.20 years and 
13.11 years respectively).
For females, the Indonesians reached their peak growth spurt (stage 6 or MP3 Cap) 
earlier than the  other ethnic groups,  with the  exception of the  Thai  children.  The 
Turkish females developed generally a little earlier than Indonesians, except at the 
peak pubertal growth spurt stage (Stage 6 or MP3 Cap) where they reached the stage 
later (12.03 years compared with 11.77 years). The Caucasian females in the current 
study attained the peak pubertal  growth spurt (stage  6  or MP3 Cap)  later than the 
Caucasians  in  Fishman’s  study,  and later than the  Thai  and  Turkish females,  but 
slightly earlier than the Aborigines, although their differences were small.
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The onset of peak pubertal growth varied in different ethnic groups (Table 24), hence 
a standard from one ethnic group cannot necessarily be applied directly to a different 
ethnic group. The mean ages of attainment of each skeletal maturation stage reported 
in the current study could be used as a basis for future studies as well as providing 
norms for clinical use.
CVM  Index
This section of the study showed similar trends as for the SMI. The Caucasian males 
reached most stages at an earlier age than the Indonesians (Figure 28 and Table 25). 
The  females  showed  less  obvious  differences,  with  four of the  five  stages  being 
attained at very similar ages (Figure 29, Table 25).
There are few data to compare the mean chronological ages and CVM stages from 
the present  study  with that of other ethnic  groups,  as  previous  studies  have  used 
different  classifications.  However,  the  work  of  Grave  and  Townsend  (2003a) 
supplies  data  similar to  the present  study.  On  average,  the  females  attained  each 
CVM stage earlier than the males, regardless of their ethnicity (Table 26) and the 
Indonesian males and females reached each CVM  stage later than the Aborigines. 
Similarly, the Caucasians of both gender groups attained each CVM stage later than 
the Aborigines, with the exception of stage 1  in females. When comparing American 
blacks and Caucasians, Faulkner and Harris (2004) found that the females of both 
ethnic groups preceded males by 1.5 years on average, although they did not find any 
difference  in  the  timing  of  skeletal  maturation  between  American  blacks  and 
Caucasians.  The  CVM  Index  (Figures  28  and  29  and  Table  25)  showed  less 
chronological  age  variation  on the  attainment  of each  skeletal  development  stage 
than the SMI (Figures 26 and 27 and Table 23) for both gender groups, which may 
be due to fewer categories in the CVM Index compared with the SMI.
Skeletal  maturation has  been shown to  occur in the  same  sequential  stages  in  all 
ethnic groups (Wingerd et al.,  1974; Schemeling et al., 2000). However, the timing 
of attainment  of each  skeletal  maturation  stage  may  be  different  between  ethnic 
groups due to factors other than natural genetic differences, for example nutritional
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intake,  hygiene  conditions,  regional  and  climatic  differences.  It  could  be 
hypothesised that individuals with a less favourable environment may have delayed 
skeletal maturation (Cole et al.,  1988; Ontell et al.,  1996; Schemeling et al., 2000; 
Rogol et al., 2002) and studies have shown that skeletal maturation in malnourished 
children was  delayed when  compared  with  healthy  children (Saxena and  Saxena, 
1980; Gross et al., 1996). Although Indonesia has achieved impressive public health 
gains in recent decades, child malnutrition remains a serious problem (Waters et al., 
2004). This may be one of the reasons that the present study found that Indonesians 
frequently  attained  skeletal  maturation  stages  later  compared  with  the  Caucasian 
group. It must, however, be considered that the subjects were clearly of a social class 
who were able to seek orthodontic treatment and therefore may not necessarily be 
representative of the whole Indonesian population.
Sexual dimorphism in the velocity of growth, timing of the adolescent growth spurt, 
overall size and the attainment age of skeletal maturation are well-known (Bjork and 
Helm,  1967;  Tanner  and  Whitehouse,  1976).  According  to  Taranger  and  Hagg 
(1980), Caucasian females mature earlier than males, with females reaching the onset 
of puberty at approximately 10 years, the peak pubertal spurt at 12 years and the end 
of the growth spurt at  14.8  years.  In contrast, Caucasian males reach the onset of 
puberty at  12.1  years, the peak pubertal spurt at  14.1  years and the end of growth 
spurt at  17.1  years (Taranger and Hagg,  1980).  The current study also showed that 
the females of both ethnic groups reached peak pubertal  growth earlier than their 
male peers.  Therefore,  in  a  clinical  setting,  if an  orthodontist  would  like  to  take 
advantage  of  the  peak  pubertal  growth  spurt  to  aid  correction  of  a  skeletal 
discrepancy, treatment must be undertaken earlier, on average, in females than males.
3.6.2.  M ultiple regression analysis
Multiple  regression  analyses  were  used  to  define  models  that  could  show  the 
association between the  SMI  stages  and  chronological  age,  with the  latter as  the 
explanatory variable. The variability of the dependent variable, characterised by the 
R2 value, is considered to be high for biological data when it ranges from 30% to 
67% (Dibbetts et al., 1997). In the current study, the results showed that, on average,
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the R2 values for both male and female groups were above 0.7 or 70%. This showed 
a  strong  association  between  SMI  stages  and  chronological  age.  However,  these 
results only showed an overall trend and Figures  26 and 27  indicate that there  is 
considerable individual variation in the age of attainment of each SMI stage.
To  compare  skeletal  maturation  between  the  two  ethnic  groups,  further  multiple 
regression analyses were undertaken and, on average, the Caucasian males developed 
1   SMI stage ahead of their Indonesian peers at any given age. The differences were 
less obvious in females, where Caucasian females were approximately 0.5 SMI stage 
ahead of their Indonesian peers at any given age. This shows that, on average, the 
skeletal  maturation  of  the  Indonesian  children  is  delayed  compared  with  the 
Caucasians. Therefore, these differences in skeletal development must be considered 
in  orthodontic  diagnosis  and  treatment  planning  for  Indonesian  children.  The 
initiation of growth modification may therefore be delayed compared with Caucasian 
children of British or American descent.
3.6.3.  Lim itations of the study
The  present  study  was  limited  to  a  description  of skeletal  maturation  stages  in 
different ethnic groups based on cross-sectional, rather than longitudinal, data. Thus, 
conclusions based on analyses concerning growth must be made with caution.
The other limitation of the study was the fact that there were only a small number of 
subjects classified into  some  of the  stages.  However,  the  overall  sample  size  was 
acceptable for the majority of ages.
3.7.  Conclusion
o  There were differences in the timing of skeletal maturation between males 
and females.  In addition, there were differences between the two ethnic 
groups,  with the  Caucasians,  in general, tending  to  mature  earlier than 
their Indonesian peers.  These differences  were particularly  obvious  for
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the  male  subjects.  Therefore,  these  differences  should  be  taken  into 
account during orthodontic diagnosis and treatment planning.
105CHAPTER 4
ASSESSMENT OF THE AGE OF ATTAINMENT OF 
PEAK PUBERTAL GROWTH OF CRANIOFACIAL
PARAMETERS IN INDONESIAN AND CAUCASIAN CHILDRENAssessment of the age of attainment of peak pubertal growth of
craniofacial parameters in Indonesian and Caucasian children
4.1. Aims
The aim of this study was:
•  To  determine  the  age  of attainment  of peak  pubertal  growth  of  various 
craniofacial parameters in males and females and to establish whether there 
was  any  difference  in  the  timing  of this  event  between  Indonesians  and 
Caucasians.
4.2.  Subjects
As  previously  described  in  Chapter  2,  this  study  included  2,167  patients:  648 
Indonesian males, 303 Caucasian males (age range  10 to  17 years), 774 Indonesian 
females and 442 Caucasian females (age range 8 to 15 years) (Table 6).
4.3. Methods
4.3.1.  Craniofacial m orphology param eters
Craniofacial  morphology  was  evaluated  on  lateral  cephalograms.  All  radiographs 
were initially traced and the tracings were then digitised using the GELA software 
program. The craniofacial parameters selected for this study were chosen based on 
their clinical relevance and results from the repeatability study (Tables 21, 22, 29 and 
30). The parameters ANS-PNS and ANS-Me were selected to represent horizontal 
and vertical maxillary growth respectively. These have been used in other studies to 
assess growth of the maxilla (Bhatia and Leighton, 1993; Franchi et al., 2000; Ochoa 
and  Nanda,  2004).  The  parameter  Ar-Pog  was  selected  to  represent  horizontal 
mandibular growth, whilst Ar-Go was selected to represent growth of the mandibular 
ramus.  These parameters have been used for the purpose of assessing mandibular 
growth (Fishman, 1979; O’Reilly and Yanniello, 1988; Grave and Townsend, 2003a, 
2003b;  Ochoa  and  Nanda,  2004).  S-Pog  was  selected  to  represent  the  antero­
posterior position of the mandible relative to the cranial base.
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The magnification of the lateral cephalometric radiographs for the Indonesians and 
Caucasians were 5% and 15% respectively. All linear measurements were therefore 
adjusted  accordingly  in  order  to  standardise  comparisons  between  the  groups 
(Bergersen, 1980; Dibbets and Nolte, 2002).
Param eters
Mandible Articulare - Pogonion (Ar-Pog) 
Articulare - Gonion (Ar-Go) 
Sella - Pogonion (S-Pog)
Maxilla Anterior Nasal Spine - Posterior Nasal Spine 
(ANS-PNS)
Anterior Nasal Spine - Menton (ANS-Me)
...........
Table 29. Craniofacial parameters selected for this study.
Lin’s Concordance Correlation 
pc  Cb  Slope  Intercept Mean
difT.
Bland and Altman 
SD  LOA 
(diff.)
P
Indonesian
S-Pog 0.998 1.000 0.005 -0.561 0.015 0.542 -1.047,  1.077 0.696
Ar-Go 0.991 1.000 0.993 0.326 0.030 0.609 -1.164,  1.224 0.487
Ar-Pog 0.997 1.000 1.005 -0.547 -0.023 0.557 -1.113,  1.068 0.568
ANS-PNS 0.982 1.000 1.019 -0.975 -0.075 0.595 -1.241,  1.091 0.076
ANS-Me 0.993 1.000 1.010 -0.613 0.040 0.585 -1.407,  1.587 0.335
Caucasian
S-Pog 0.995 1.000 0.994 0.687 -0.005 0.783 -1.540,  1.530 0.949
Ar-Go 0.960 0.998 1.047 -1.766 0.215 1.380 -1.584, 2.074 0.123
Ar-Pog 0.998 1.000 0.996 0.391 -0.15 0.566 -1.125,  1.095 0.792
ANS-PNS 0.996 1.000 1.007 -0.411 -0.010 0.396 -0.785, 0.765 0.801
ANS-Me 0.998 1.000 0.996 0.255 0.010 0.355 -0.686, 0.706 0.779
Table 30. Repeatability study results for the craniofacial parameters.
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Figure 32. Diagrammatic representation of the parameters measured.
4.3.2.  Statistical analysis
Stata version 8.2 (Intercooled Stata version 8.2, Stata Corp., 4905  Lake  way Drive, 
College Station, Texas 77845, USA) for statistical analysis software was used. The 
syntax commands used are reproduced in Appendix 5, with one of the parameters 
used as an example (Ar-Pog - Articulare-Pogonion). These same methods were used 
for the other parameters, stratified by ethnicity and gender.
Initially,  growth  curves  were  constructed  by  plotting  each  craniofacial  parameter 
against age for each individual using a scatter plot graph (Figure 33). The “running 
mean smoother line” was calculated to  smooth the plotted values and join all  the 
average  values in a single  (best  fit)  line  through the  data.  The next  stage was to 
construct a curve representing the rate of growth over time (velocity growth curve). 
This was calculated from the gradients of every part of the curve in the “running 
mean  smoother line”  (red  line  in the  Figure  34).  Thus  all  gradients  were plotted 
against age to produce another graph which showed the velocity of growth over time 
(Figure  35).  The  age  at  which  most  children  attained  “peak  velocity”  of each
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parameter of interest was then calculated as the age at which the velocity gradient 
achieved its maximum value (red line in Figure 35).
Growth curves constructed 
(each parameter plotted against age)
Running line smoother calculated 
1
Gradient of every part of the curve on the running mean smoother line graph
calculated
1
Gradients plotted against age in order to 
construct velocity growth curve 
(rate of growth over time)
1
“Peak velocity” calculated based on the greatest gradient of the curve
Figure 33. Flow diagram of the ascertainment of peak growth velocity.
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Figure 34. Example of the “running mean smoother” graph for Ar-Pog.
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Figure 35. Example of the velocity growth curve with the age of peak growth 
represented by the vertical red line.
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4.4.  Results
Parameters
Indonesian 
males (years)
Indonesian 
females (years)
Caucasian males 
(years)
Caucasian female 
(years)
Ar-Pog 13.9 11.8 13.4 13.1
Ar-Go 13.9 12.1 13.9 12.8
S-Pog 13.8 11.8 13.5 13.1
ANS-PNS 11.8 11.9 13.9 11.3
ANS-Me 13.8 11.8 13.5 13.1
Table 31. Mean age of peak pubertal growth for the selected craniofacial parameters 
(for both ethnic and gender groups).
The Indonesian females typically reached their peak pubertal growth around 11.8 to 
12.1  years, which was earlier than the Indonesian males (13.8 to  13.9 years).  The 
exception to this trend was for ANS-PNS, where males reached peak growth velocity 
at around the same age as females (11.8 years for males and 11.9 years for females) 
(Table 31).
The Caucasian females attained peak pubertal growth around 12.8 to 13.1 years, with 
the exception of ANS-PNS where peak growth occurred at  11.3  years. Again, this 
was a little earlier than for the Caucasian males (13.4 to 13.9 years) (Table 31).
M andibular and M axillary param eters
For Ar-Pog, S-Pog and ANS-Me, the Caucasian males attained peak pubertal growth 
slightly  earlier  than  the  Indonesian  males,  whilst  for  ANS-PNS  the  Indonesians 
attained  peak  growth  earlier,  at  11.8  years  compared  with  13.9  years  for  the 
Caucasians. The females showed unexpected results in that the Indonesians attained
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peak pubertal growth earlier than the Caucasian females, except for ANS-PNS where 
the Caucasians attained their peak at  11.3  years, compared with  11.9 years for the 
Indonesians (Table 31).
Table 32 (page  115) shows the age of peak pubertal growth for the Indonesian and 
Caucasian  children  in  the  current  study,  compared  with  data  for  different  ethnic 
groups,  namely;  Australian  Aborigines  (Grave,  1973);  Caucasians  (Bishara  et al., 
1981; Lewis et al,  1985; Bhatia and Leighton,  1993) and Japanese (Deguchi et al., 
1993).  The  Indonesian  males  attained  peak  pubertal  growth  of  the  craniofacial 
parameters  earlier  than  the  Caucasians  in  Bhatia  and  Leighton’s  study  (1993) 
although the parameters used were not exactly the same.
For Ar-Pog and Ar-Go in males, the ages of attainment of peak pubertal growth for 
the Caucasians in the current study, the Caucasians in Bishara’s study (Bishara et al., 
1981)  and  the  Aborigines  in  Grave’s  study  (Grave,  1973),  were  similar  to  the 
Indonesian  data.  However,  for Ar-Pog  in  particular,  the  Indonesians  showed  later 
attainment of peak pubertal growth than the Caucasians from Lewis’ study (Lewis et 
al,  1985)  and  the  Japanese  (Deguchi  et  al.,  1993).  Only  for  ANS-PNS,  did  the 
Indonesian males achieve peak pubertal growth at an earlier age than the other two 
studies which looked at this parameter (Bhatia and Leighton’s Caucasian group and 
the Aborigines).  For ANS-Me, the Indonesian males reached peak pubertal  growth 
slightly later than the Caucasian peers in the current study (13.8 years compared with 
13.5  years). Nevertheless,  both ethnic groups attained peak pubertal  growth earlier 
when compared with the Caucasians from Bhatia and Leighton’s study (14.3 years).
The  age  at  which  peak  pubertal  growth  occurred  for  mandibular  parameters  in 
Indonesian  females  was  earlier  than  for  the  Caucasians  in  the  current  study,  the 
Caucasians  in  Bhatia  and  Leighton’s  study  (Bhatia  and  Leighton,  1993)  and  the 
Aborigines  (Grave,  1973).  However,  the  Indonesian  females,  were  later  than  the 
Caucasians in the studies by Bishara et al. (1981) and slightly delayed compared with 
the study by Lewis et al (1985). For ANS-PNS, the Indonesian females were delayed 
compared with the Caucasians in the current study, as well as when compared with 
the Aborigines. However, the latter was a very small difference and it was for only
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one parameter.  For ANS-Me, the Indonesian females attained peak pubertal growth 
earlier than the Caucasians in the current study, and those in Bhatia and Leighton’s 
study.
114[Parameter Current study Current study Bhatia and Bishara Lewis et al Grave Deguchi et  1
(Indonesian) (Caucasian) Leighton (1981) (1985) (1973) al. (1993)
(1993) Caucasian Caucasian Aborigines Japanese
Caucasian
Males
Ar-Pog 13.9 13.4 as Co-Gn 
14.3
13.8 as Ar-Gn 
13.1
13.8 13.0
Ar-Go 13.9 13.9 as Co-Go 
14.5
- 13.5 13.9 -
S-Pog 13.8 13.5 as S-Gn 
14.4
- - - -
ANS-PNS 11.8 13.9 14.2 - - 13.5 -
ANS-Me 13.8 13.5 14.3 - - - -
Females
Ar-Pog 11.8 13.1 as Co-Gn 
12.0
10.8 as Ar-Gn 
11.6
12.0 11.0-12.0
Ar-Go 12.1 12.8 as Co-Go 
12.5
- 11.8 12.5 -
S-Pog 11.8 13.1 as S-Gn 
12.0
- - - -
ANS-PNS 11.9 11.3 12.5 - - 11.7 -
ANS-Me 11.8 13.1 12.3 - - - -
Table 32. Comparison of the age of peak pubertal growth for craniofacial parameters between the current study and previous studies (age indicated in years).
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Indonesian Males
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Figure 36. Growth curves and velocity growth curves for Indonesian males (mandibular parameters).
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Figure 37. Growth curves and velocity growth curves for Indonesian males (maxillary parameters).
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Indonesian Females
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Figure 38. Growth curves and velocity growth curves for Indonesian females 
(mandibular parameters).
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Figure 39. Growth curves and velocity growth curves for Indonesian females (maxillary parameters).
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Caucasian Males
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Figure 40. Growth curves and velocity growth curves for Caucasian males (mandibular parameters).
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Caucasian Males
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Figure 41. Growth curves and velocity growth curves for Caucasian males (maxillary parameters).
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Caucasian Females
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Figure 42. Growth curves and velocity growth curves for Caucasian females (mandibular parameters).
122Assessment of the age of attainment of peak pubertal growth of
craniofacial parameters in Indonesian and Caucasian children
Caucasian Females
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Figure 43. Growth curves and velocity growth curves for Caucasian females (maxillary parameters).
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4.5.  Discussion
4.5.1.  Indonesian  males  compared  with  Caucasian  males  and  previously 
published studies
Mandible (Table 32 and Figures 36 and 40)
For the mandibular parameters Ar-Pog and S-Pog, the Caucasian males attained their 
peak pubertal growth several months earlier (13.4 and 13.5 years respectively) than 
their  Indonesian  peers  (13.9  years  and  13.8  respectively).  However,  within  each 
ethnic group the ages were similar for both parameters. For parameter Ar-Go, both 
ethnic groups attained the peak pubertal growth at the same time (13.9 years).
When compared with Bhatia and Leighton’s study (1993), both the Indonesians and 
Caucasians  in the current  study attained their peak pubertal  growth earlier for all 
mandibular parameters investigated. For example, the peak pubertal growth for Ar- 
Pog in Indonesians was 13.9 years and in Caucasian was 13.4 years, whilst in Bhatia 
and Leighton’s study (measured as Co-Gn) it was 14.3 years. The differences might 
be due to the fact that the data from Bhatia and Leighton (1993) were derived in the 
1950s and secular changes may have occurred, with a reduction in the age of peak 
pubertal growth over time (Karlberg, 2002).  It must also be noted that Bhatia and 
Leighton (1993) used Co-Gn, Co-Go and S-Gn rather than the parameters used in the 
current study and clearly this may have influenced the results.
The Indonesian males attained peak pubertal growth of Ar-Pog around the same age 
as  the  Australian  Aborigines  (13.9  years  for  Indonesians  and  13.8  years  for 
Aborigines), and both ethnic groups attained peak pubertal growth of Ar-Go at 13.9 
years. However, for Ar-Pog, the Indonesians were later than the Japanese subjects in 
the study by Deguchi et al. (1993) (13.0 years for Japanese compared with 13.9 years 
for  Indonesians).  This  suggests  variation  in  the  onset  of peak  pubertal  growth 
between different ethnic groups.
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M axilla (Table 32 and Figures 37 and 41)
For  ANS-Me,  the  Caucasian  males  attained  peak  pubertal  growth  at  13.5  years 
compared  with  13.8  years  for the  Indonesians.  Both  ethnic  groups  attained  peak 
pubertal growth earlier than the individuals in Bhatia and Leighton’s study (1993) 
where the age of peak pubertal growth was 14.3 years.
The  Indonesian males attained peak pubertal  growth at  11.8  years  for ANS-PNS, 
which was earlier than for the other parameters. This is perhaps due to the fact that 
the  maxilla  reaches  peak  growth  earlier  than  other  regions  of  the  craniofacial 
skeleton (Ngan,  2005).  However,  this was  not the  case  for the  Caucasians  in the 
current study, who attained their peak pubertal growth for ANS-PNS at  13.9 years. 
The  peak  pubertal  growth  of ANS-PNS  in  Indonesians  was  also  earlier  than  in 
Grave’s study (1973) of Aborigines (13.5 years). This may be because the data were 
derived in the 1960s and 1970s and again secular changes might have occurred.
These differences may be due to a number of other possibilities and are discussed 
further in the General Discussion section (Page 127).
4.5.2.  Indonesian  fem ales  com pared  with  C aucasian  fem ales  and  previously 
published studies
M andible (Table 32 and Figures 38 and 42)
The Indonesian females attained peak pubertal growth earlier than Caucasians for all 
three mandibular parameters investigated. For Ar-Pog and S-Pog, Indonesian females 
attained peak  pubertal  growth at  11.8  years,  whilst  Caucasians  attained  the  same 
stage at 13.1  years. For Ar-Go, the Indonesians attained peak growth at  12.1  years 
compared with 12.8 years in the Caucasians.
The  Indonesian  females  attained  peak  pubertal  growth  slightly  earlier  than  the 
Caucasians  in  Bhatia and  Leighton’s  study  (1993)  and the Aborigines  in  Grave’s 
study (1973). However, these differences were relatively small. Similar to their male
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peers,  the  differences  may  be  due  to  the  fact  that  Bhatia  and  Leighton  (1993) 
collected  their  data  in  the  1950s  and  secular  changes  may  have  occurred  with  a 
resultant decrease  in the  age of peak pubertal  growth  (Karlberg,  2002).  Although 
these  age  differences  showed  variation  in  the  onset  of peak  pubertal  growth  in 
different ethnic groups, the differences were relatively small. The exception to this 
was between the Indonesian and Caucasian females in the current study where the 
differences between the ages of peak pubertal growth were more than a year.
M axilla (Table 32 and Figures 39 and 43)
The  age of peak pubertal  growth for ANS-PNS  was  earlier in Caucasian  females 
(11.3 years) than peak growth for the other craniofacial parameters (at around 12.8 to 
13.1  years).  This  is  in  agreement  with Ngan  (2005)  who  stated  that  the  maxilla 
reaches peak growth earlier than other regions of the craniofacial skeleton. However, 
this was not the case for the Indonesian females where peak growth was attained at 
11.8 years, which was similar to that for the other craniofacial parameters. This may 
be a genuine difference or may be related to sample size which is discussed further in 
General Discussion (Page 127).
Both ethnic groups in the current study attained peak pubertal growth of ANS-PNS 
earlier than previously reported by  Bhatia and  Leighton  (1993)  (12.5  years).  The 
Caucasian females in this study also attained peak pubertal  growth slightly earlier 
than the Aboriginal subjects (Grave,  1973) who attained peak growth at 11.7 years. 
In contrast, the Indonesians were delayed compared with the Aborigines, but only by 
a small amount.
For  ANS-Me,  the  Indonesians  attained  peak  pubertal  growth  earlier  than  the 
Caucasians in the current study (11.8 years compared with 13.1 years), whilst Bhatia 
and Leighton (1993) reported peak growth at 12.3 years. Again, this emphasises the 
diversity  in  the  age  of onset  of peak  pubertal  growth  for  different  parts  of the 
craniofacial  skeleton  and  this  may  be  influenced  by  heredity  and  environmental 
factors,  such  as  nutrition  (Bjork  and  Helm,  1967;  Rogol  et al.,  2002).  Thus,  the 
variation  in  the  onset  of peak  pubertal  growth  should  be  taken  into  account  in
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orthodontic diagnosis and treatment planning in order to determine whether or not 
growth modification is still a viable treatment option.
4.5.3. G eneral Discussion
This  study  supports  the previously reported  sexual  dimorphism  in the  velocity  of 
growth and the timing of the adolescent growth spurt (Bjork and Helm, 1967; Tanner 
et al., 1976). On average, females attained peak pubertal growth earlier than males in 
both ethnic groups.
In addition to genetic influences, environmental factors may also affect the timing of 
puberty. These factors include nutritional intake, climatic differences, environmental 
chemicals,  hormones  and  socio-economic  status  (Cole  et  al.,  1988;  Ontell  et  al., 
1996;  Schemeling et al., 2000; Rogol et al., 2002), although it is likely that socio­
economic status is a proxy for other factors such as nutrition.  Some of the factors 
may have influenced the timing of peak pubertal growth in the current study and may 
account for the differences observed between the Indonesian and Caucasian children.
The  regression  analysis  in  Chapter  3  showed  that,  on  average,  the  Caucasians 
attained each skeletal maturational stage earlier than the Indonesians. For males, the 
findings in the current chapter were similar to Chapter 3 and for most measurements 
the Caucasian males attained peak pubertal growth earlier than the Indonesians.
On average, the  Indonesian females attained peak pubertal  growth earlier than the 
Caucasians.  It  is  difficult  to  establish  why  this  should  be  the  case  but  these 
differences should be investigated in further studies, with larger sample sizes for the 
Caucasians (matched by gender and age).
The fact that this study was based on cross-sectional data means that caution must be 
exercised when interpreting the results. Ideally, growth data would be longitudinal as 
the true growth velocity cannot be measured from cross-sectional data. In the current 
study,  cross-sectional  gradients  were  used  as  proxy  measures  for  true  growth 
velocity. On a true growth velocity curve, the gradient could never be negative, as
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found on some occasions in the current study. In addition, it was difficult to interpret 
the velocity curves as they were not smooth, clear graphs with consistent forms and a 
single well-defined “peak” (Figures 36 to 43). Although utilisation of the gradient 
with  the  maximum  value  might  have  influenced  the  accuracy  of the  peak  age 
determined in this study, this was the best option available with cross-sectional data.
The other factor which may affect variation in the age of attainment of peak pubertal 
growth could be the nature of the data collected; where early and delayed maturing 
patients were not distinguished. The age of attainment of peak pubertal growth of a 
growing patient can be determined based on peak height velocity, sexual maturation 
or  skeletal  maturation,  and  this  age  of attainment  may  vary  between  individuals. 
Hagg  and  Taranger  (1991)  reported  differences  in  growth  rates  between  early, 
average  and  late  maturing  individuals  based  on  the  age  of peak  height  velocity. 
Significant differences in height were found between the groups from 5 to  14 years 
in females and from 12 to 16 years in males. In order to determine whether a patient 
is an early or late maturing individual, average growth percentiles for both genders 
and some ethnic groups have been established and individuals may be compared with 
this standard (Hagg and Taranger, 1992; Fishman, 2000). Due to the fact that there is 
no  standard  available  for  Indonesian  children,  it  was  not  possible  to  determine 
individuals with early and delayed maturation within the data.
4.6. Conclusions
o  This study showed sexual dimorphism and ethnic differences for the age 
of attainment  of peak  pubertal  growth  for  the  craniofacial  parameters 
investigated.
o  For the craniofacial parameters, on average, the Caucasian males attained 
peak pubertal growth slightly earlier than the Indonesians. The Caucasian 
females attained puberty later than the Indonesians, except for ANS-PNS.
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COMPARISON OF THE DISCRIMINATORY ABILITY OF 
THE SMI AND CVM INDEX IN DETECTING 
PEAK PUBERTAL GROWTH IN INDONESIAN 
AND CAUCASIAN CHILDREN USING 
RECEIVER OPERATING CHARACTERISTIC ANALYSISComparison of the discriminatory ability of the SMI and CVM Index in detecting peak
pubertal growth in Indonesian and Caucasian children using ROC analysis
5.1. Aims
1.  To  determine the accuracy of the  SMI and CVM Index for the purpose of 
identifying individuals who have yet to attain peak pubertal growth compared 
with those who have reached, or passed, peak pubertal growth.
2.  To determine whether there is a significant difference between the use of the 
SMI and CVM Index in order to identify individuals who have yet to attain 
peak pubertal growth compared with those who have reached, or passed, peak 
pubertal growth.
5.2. Introduction
A  number  of authors  have  investigated  the  correlations  between  hand-wrist  and 
cervical vertebrae methods for the purpose of skeletal maturation assessment (Hassel 
and Farman,  1995; Kucukkeles et al.,  1999; Chang et al., 2001; San Roman et al., 
2002; Flores-Mir et al., 2006). These authors have shown good correlations between 
the methods in different ethnic groups and have recommended use of the cervical 
vertebrae  method  over  hand-wrist  radiographs  because  the  cervical  vertebrae  are 
already  recorded  on  most  routine  cephalometric  radiographs,  hence  eliminating 
additional radiation exposure. However, it must be noted that as both methods are 
used to assess growing subjects, the correlations between them will tend to be high 
anyway.  Correlations cannot show that one method is better than the other, or the 
extent of any differences in the discriminatory ability of the two approaches.
One  analytical  approach  that  has  been  widely  used  in  the  health  care  sector  to 
compare  two  or more  competing  methods  of screening  or  diagnosis  is  Receiver 
Operating Characteristic (ROC) analysis (Altman et al., 2000).
5.3. Receiver Operating Characteristic (ROC) analysis
Early in its development, ROC analysis was conceived as an extension of the signal 
theory which was used by radar operators to assess the strength of signals (Altman et
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al., 2000).  ROC analysis is based on a graphical representation of unique pairs of 
values for sensitivity and specificity. It plots sensitivity against one minus specificity 
(1-specificity) and connects these points by lines (Petrie and Sabin, 1999).
The simplest diagnostic test is one where the results of a certain investigation (e.g. a 
radiographic  test)  are  used to  classify  subjects  into  two  groups  according  to  the 
presence or absence of a sign or symptom (Altman et al., 2000). The validity of this 
diagnostic test is defined as the ability of a test to discriminate between subjects who 
have the condition of interest and those who have not (Gordis,  1996). Validity has 
two components, sensitivity and specificity.
Sensitivity is defined as the ability of the test to identify correctly those who have the 
condition of interest, given in Table 33 as a/(a+c) (Gordis,  1996; Petrie and Sabin, 
1999; Altman et al., 2000). In a perfect test, all those subjects who have the condition 
would have a positive test result and hence the sensitivity would be  100%.  A test 
with low sensitivity will fail to indicate the condition in many of those that have it 
(i.e. it will have a high proportion of false negative results) (Petrie et al., 2002).
Specificity is defined as the ability of the test to identify correctly those who do not 
have the condition, given in Table 33 as d/(b+d). In a perfect test, all those subjects 
who are  free of the  condition would have a negative test result and therefore  the 
specificity  would  be  100%.  A  test  with  low  specificity  will  falsely  indicate  the 
presence of the condition in many of those who are free of it (i.e. it will have a high 
proportion of false positive results) (Petrie et al., 2002).
Condition
+ - Total
+ True positive (+) False positive (+) a+b
Test a b
- False negative (-) True negative (-) c+d
c d
Total a+c b+d n
Table 33. The relationship between a diagnostic test and the presence or absence of a condition.
(Adapted from Petrie and Sabin, 2000)
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ROC  analysis  is  popular  in  health  science  research  as  a  determination  of  the 
diagnostic ability of a test that produces results over a measurable range (e.g. blood 
lipids). It shows the limits of a test's ability to discriminate accurately between two 
different states of health over the range of results.  The ROC curve is obtained by 
calculating sensitivity and specificity, and then plotting the true positive probability 
(sensitivity) on the vertical axis (y axis) and false positive probability (1-specificity) 
on the  horizontal  axis  (x  axis)  for the  entire  range  of cut-off points  (Petrie  and 
Watson, 1999; Altman et al., 2000).
As the curve approaches the upper left hand comer of the graph, the tme positive 
value (sensitivity) approaches 1   (perfect sensitivity) and the false positive value (1- 
specificity) approaches zero. Hence, the closer the curve to this comer, the greater 
the overall accuracy of the test, i.e. the test has a high tme positive value and a low 
false positive value.  The closer the curve comes to the 45-degree diagonal  of the 
ROC  space,  the  less  accurate  the test  is  (Figure  44).  A  test  which  is  completely 
useless will give a straight line from the bottom left comer to the top right comer 
which indicates that the test has equal tme positive and false positive values for all 
cut-of points (Altman et al., 2000).
O  -
m h- -
0.00 0.25 0.50 
1-Specificity
0.75 1.00
CVM ROC area: 0.9176 
Reference
SMI  ROC area:  0.9283
Figure 44. An example of the ROC curve for one of the parameters in the study. 
(The straight green line represents the 45° diagonal of the ROC space)
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The  ROC  curve  also  allows  the  results  of two  or  more  different  screening  or 
diagnostic tests to be presented on one graph, allowing a visual comparison of the 
performance  of the tests.  In addition to the visual  representation,  it is possible to 
quantify the accuracy of the tests by evaluating the “area under the curve” (AUC). 
The AUC is a measure of the accuracy of a diagnostic procedure and is frequently 
used for comparisons between tests (Petrie et al., 2002). An AUC of 0.5, or 50%, 
will produce a straight line (shown as the green diagonal straight line in the graph) 
which indicates a useless test. The closer the AUC value to  1.0, or 100%, the more 
accurate the test is.
5.4. Subjects
This study used the same subjects as described in Chapters 2 to 4 (Table 6).
5.5. Methods
5.5.1. Craniofacial m orphology param eters
The craniofacial parameters used for this study were the same as those in Chapter 4, 
which were selected based on their clinical relevance to the present study as well as 
on the repeatability test results (Tables 21, 22 and 30). The mandibular parameters 
were Ar-Pog, Ar-Go and S-Pog, and the maxillary parameters were ANS-PNS and 
ANS-Me.
5.5.2. Statistical analysis
This study used  Stata package version 8.2  software (Intercooled  Stata version 8.2, 
Stata Corp., 4905 Lakeway Drive, College Station, Texas 77845, USA) for statistical 
analysis.  The  Receiver  Operating  Characteristic  (ROC)  analysis  was  undertaken 
using syntax commands as defined in Appendix 5. One of the craniofacial parameters 
is  used  as  an  example  (Ar-Pog  -   Articulare-Pogonion).  These  same  syntax 
commands were used for other parameters stratified by ethnicity and gender.
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Prior to performing ROC  analyses, growth curves were constructed,  as previously 
described  (Pages  122-123)  by  plotting  the  measurement  of  each  craniofacial 
parameter against age for each individual using a scatter graph. Following that, the 
“running mean smoother line” was calculated to smooth the plotted values and join 
these  averaged  values  as  a  single  best-fit  line  through  the  data.  The  next  stage 
involved constructing a velocity growth curve where the gradients of every part of 
the curve in the “running mean smoother line” were calculated. All gradients were 
then plotted against age as a proxy measure for the actual growth velocity curve. The 
peak velocity of each parameter of interest was calculated as the point at which the 
gradient of the velocity curve reached its maximum value. ROC analysis was then 
performed based on this value, to measure the discriminatory ability of the SMI and 
CVM Index by observing the sensitivity and the percentage of correctly classified 
individuals. ROC analysis can thus be used to identify individuals who have yet to 
attain peak pubertal  growth and those who have reached, or passed, peak pubertal 
growth.
In  the  present  study,  two  clinical  scenarios  were  of  interest  in  relation  to  the 
discriminatory ability of the SMI and CVM Index. The first scenario was relevant for 
the mandibular parameters, where growth modification for the mandible has been 
suggested  to  be  more  effective  if used  during,  or  slightly  after,  peak  mandibular 
growth  (Pancherz  and  Hagg,  1985;  Baccetti  et  al.,  2000;  Faltin  et  al.,  2003). 
Therefore,  the  primary  concern  for this  first  scenario  was  to  identify  individuals 
according to whether or not they had reached, or passed, peak pubertal growth. For 
this purpose,  the  highest  “correctly  classified”  value  (in the  “correctly  classified” 
column)  reflects  the  optimum  cut-off point  at  which  the  greatest  proportion  of 
children  is  correctly classified  as  either having yet to  reach peak  growth  or have 
reached/passed peak growth. For clarity in the following tables, the optimal cut-off 
point for mandibular parameters is coloured in blue, whilst the previously reported 
optimum cut-off points are shaded.
The second scenario related to growth modification for the maxilla, which has been 
suggested to  be  more  effective  if started  before  the  peak  pubertal  growth  of the 
maxilla (Fishman, 2000; Westwood et al., 2003; Baccetti et al., 2005). Hence, it was
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desirable to  ensure that the peak pubertal growth of the maxilla had not yet been 
attained. This was measured by the sensitivity of the test where the observed cut-off 
point for the commencement of treatment exhibited a ‘high sensitivity’  value.  The 
highest sensitivity is  100%, which by definition is when the cut-off point is set to 
stage 1, indicating that 100% of individuals are at the pre-peak pubertal growth stage. 
However,  it may not be practical to always commence treatment at this stage (for 
example,  if  the  patient  presents  at  a  later  age).  Therefore,  in  this  study,  any 
sensitivity value  greater than,  or equal to,  90% was  considered  ‘high  sensitivity’. 
Cut-off points with ‘high sensitivity’ values are identified in red in the tables. This 
choice of 90% sensitivity is arbitrary, but pragmatic, ensuring that the vast majority 
of individuals would not yet have attained peak pubertal growth. If it is necessary to 
have a higher degree of certainty, then an earlier stage (i.e.  stage  1) can be used, 
assuming that there are no  other contra indications to  commencing treatment this 
early (e.g. patient compliance).
The area under the ROC curve (AUC) was calculated for all parameters for both the 
SMI and CVM Index. Graphs were produced for each parameter displaying the ROC 
curves of both indices. Statistical tests for equalities of the AUC values from the two 
indices were undertaken for each parameter (Figure 45).
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Growth curves constructed 
(each parameter plotted against age)
Running line smoother calculated
I
Gradient of every part of the curve on the running mean smoother line graph
calculated
I
Gradients plotted against age in order to construct 
growth velocity curve 
(rate of growth over time)
I
“Peak velocity” calculated based on the greatest gradient of the curve
I
ROC analysis performed 
1
Area Under ROC Curves (AUCs) calculated and compared for the SMI and CVM Index 
Figure 45. Flow diagram showing the application of the ROC analysis.
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5.6.  Results
5.6.1.  CVM Index for Indonesian Males
Cut-off points 
CVM Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 43.52
0.918
>=2 93.62 64.21 77.01
>=3 86.52 90.71 88.89
>=4 41.49 99.45 74.23
>=5 6.74 100 59.41
>5 0 100 56.48
Ar-Go
>=1 100 0 40.59
0.918
>=2 94.68 62.08 75.31
>=3 88.21 88.05 88.12
>=4 44.11 99.22 76.85
>=5 7.22 100 62.35
>5 0 100 59.41
S-Pog
>=1 100 0 46.45
0.911
>=2 92.36 66.28 78.40
>=3 83.06 91.93 87.81
>=4 39.20 99.71 71.60
>=5 6.31 100 56.48
>5 0 100 53.55
ANS-PNS
>=1 too 0 72.99
0.853
>=2 77.59 84.00 79.32
>=3 58.56 99.43 69.60
>=4 25.16 100 45.37
>=5 4.02 100 29.94
>5 0 100 27.01
ANS-Me
>=1 100 0 45.99
0.912
>=2 92.28 65.71 77.93
>=3 83.89 92.00 88.27
>=4 39.60 99.71 72.07
>=5 6.38 100 56.94
>5 0 100 54.01
Table 34. Sensitivity, specificity, correctly classified and AUC results 
for the CVM Index for Indonesian males.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
It has been  suggested that the peak pubertal  growth spurt of the mandible occurs 
between  stages  2  and  3  of the  CVM  Index  (Baccetti  et  al.,  2002;  Grave  and
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Townsend, 2003b).  For parameter Ar-Pog,  if the  cut-off point was  set to  stage  3, 
88.89% of the individuals would be correctly classified as either having yet to reach 
peak growth or have reached/passed peak growth, whilst 77.01% would be correctly 
classified if the cut-off point was set to stage 2 (Table 34). Similar results can also be 
observed for parameters Ar-Go and S-Pog.
Baccetti et al. (2005) recommended that growth modification for the maxilla should 
be undertaken prior to peak pubertal growth of the maxilla, i.e.  stage  1   or 2 of the 
CVM Index. For ANS-PNS and ANS-Me, the test had 100% sensitivity in detecting 
all individuals in the pre-peak pubertal growth period when the cut-off point was set 
to stage 1. In addition, for ANS-Me, ‘high sensitivity’ was also obtained if the cut-off 
point was set to stage 2, with 92.28% of Indonesian males classified as being pre­
peak pubertal growth, suggesting that this may also be an acceptable stage at which 
to commence treatment (Table 34).
The results showed that for all parameters in this study, the AUC values were greater 
than 0.85, suggesting that the CVM Index is a valid tool for use in Indonesian males 
to predict whether a patient has yet to reach peak growth, or has reached/passed peak 
growth.
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5.6.2.  SMI for Indonesian Males
Cut-off points 
SMI Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 43.52
>=2 98.23 33.06 61.42
>=3 94.68 56.01 72.84
>=4 91.13 79.23 84.41
>=5 86.88 90.71 89.04
0.928 >=6 86.17 91.26 89.04
>=7 77.66 93.17 86.42
>=8 49.29 99.18 77.47
>=9 34.04 99.73 69.91
>=10 31.21 99.73 69.91
>=11 6.03 100 59.10
>11 0 100 56.48
Ar-Go
>=1 100 0 40.59
>=2 98.86 31.95 59.10
>=3 95.82 54.29 71.14
>=4 93.16 77.14 83.64
>=5 88.97 88.31 88.58
>=6 88.21 88.83 88.58 0.932
>=7 79.09 90.65 85.96
>=8 52.85 99.22 80.40
>=9 36.50 99.74 74.07
>=10 33.46 99.74 72.84
>=11 6.46 100 62.04
>11 0 100 59.41
S-Pog
>=1 100 0 46.45
>=2 98.34 34.87 64.35
>=3 94.02 58.21 74.85
>=4 90.37 82.42 86.11
>=5 83.72 92.22 88.27
>=6 82.72 92.51 87.96
0.928 >=7 74.42 94.24 85.03
>=8 46.51 99.42 74.85
>=9 31.89 99.71 68.21
>=10 29.24 99.71 66.98
>=11 5.65 100 56.17
>11 0 100 53.55
Table 35. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Indonesian males.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
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ANS-PNS
>=l 100 0 72.99
>=2 93.87 55.43 83.49
>=3 84.57 84.00 84.41
>=4 69.56 97.71 77.16
>=5 58.99 100 70.06
>=6 58.14 100 69.44
0.913 >=7 51.59 100 64.66
>=8 30.02 100 48.92
>=9 20.51 100 41.98
>=10 18.82 100 40.74
>=11 3.59 100 29.63
>11 0 100 27.01
ANS-Me
>=1 100 0 45.99
>=2 98.32 34.57 63.89
>=3 93.96 57.71 74.38
>=4 90.27 81.71 85.65
>=5 84.56 92.29 88.73
>=6 83.56 92.57 88.43
>=7 75.17 94.29 85.49 0.928
>=8 46.98 99.43 75.31
>=9 32.21 99.71 68.67
>=10 29.53 99.71 67.44
>=11 5.70 100 56.64
>11 0 100 54.01
(Continued) Table 35. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Indonesian males.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
It has been suggested that peak mandibular growth occurs between stages 4 to 6 of 
the SMI (Fishman, 1982). The results for Ar-Pog in Indonesian males showed that if 
the  cut-off point  was  set  to  stages  5  or  6,  89.04%  of individuals  were  correctly 
classified as having yet to attain peak growth or have reached/passed peak growth, 
whereas  84.41%  were  correctly  classified  if the  cut-off point  was  set to  stage  4. 
Parameters Ar-Go and S-Pog showed similar results (Table 35).
Stages 1  to 3 of the SMI are generally considered to represent the pre-peak pubertal 
growth period, when growth modification for the maxilla should be started (Fishman, 
2000).  For ANS-PNS,  100% sensitivity was obtained in classifying all Indonesian 
males at the pre-peak pubertal growth period if the cut-off point was set to stage 1. In 
addition,  ‘high sensitivity’ was also obtained if the cut-off point was set to stage 2 
(93.87%). Similarly, for ANS-Me in Indonesian males, there was 100% sensitivity in
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classifying all individuals at the pre-peak pubertal period when the cut-off point was 
set to stage  1.  ‘High sensitivity’ was also achieved if the cut-off points were set to 
stages 2 (98.32%) and 3 (93.96%) (Table 35).
For all parameters used in the study, the results showed AUC values of greater than 
0.9, suggesting that the  SMI is a valid tool for use in Indonesian males to predict 
whether a patient has yet to attain peak growth, or whether a patient has passed peak 
growth.
5.6.3.  ROC Curves
Figure 46. ROC curves comparing the SMI and CVM Index for Indonesian males.
(Continued on next page)
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(Continued) Figure 46. ROC curves comparing the SMI and CVM Index for Indonesian males.
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These  graphs  illustrate  the  ROC  results  for  both  the  SMI  and  CVM  Index  for 
Indonesian males  (Figure 46).  In general, the AUC  results  for the  SMI  (0.913  to 
0.932)  were higher than  for the  CVM Index (0.853  to  0.918) and the  differences 
between them were also statistically significant for all parameters investigated (Table 
36).  However, the differences in the AUC values for each parameter ranged from 
only 1.07% to 5.93% and thus were low in magnitude. Furthermore, the ROC curves 
for both the  SMI  and CVM  Index were  close to the top  left hand comers  of the 
graphs,  suggesting  both  tests  have  good  discriminatory  ability  for  this  group  of 
subjects.
Param eters CVM SM I P value
AUC 95% Cl AUC 95% Cl
Ar-Pog 0.918 0.895 to 0.939 0.928 0.908 to 0.949 0.017
Ar-Go 0.918 0.896 to 0.939 0.932 0.912 to 0.952 0.001
S-Pog 0.911 0.889 to 0.933 0.928 0.907 to 0.948 <0.001
ANS-PNS 0.853 0.829 to 0.878 0.913 0.892 to 0.933 <0.001
ANS-Me 0.912 0.889 to 0.934 0.928 0.907 to 0.948 0.001
Table 36. Comparison of the Area Under the Curve (AUC) for both the SMI and CVM Index for
Indonesian males.
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5.6.4.  CVM Index for Indonesian Females
Cut-off points 
CVM Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 51.29
0.921
>=2 96.73 67.90 82.69
>=3 89.42 85.41 87.47
>=4 44.58 98.14 70.67
>=5 1.76 100 49.61
>5 0 100 48.71
Ar-Go
>=1 100 0 46.64
0.942
>=2 98.61 63.92 80.10
>=3 91.69 80.87 85.92
>=4 47.09 96.61 73.51
>=5 1.94 100 54.26
>5 0 100 53.36
S-Pog
>=1 100 0 51.42
0.921
>=2 96.73 68.09 82.82
>=3 89.45 85.64 87.60
>=4 44.47 98.14 70.54
>=5 1.76 100 49.48
>5 0 100 48.58
ANS-PNS
>=1 100 0 50.65
0.919
>=2 96.94 67.28 82.30
>=3 89.54 84.55 87.08
>=4 45.15 98.17 71.32
>=5 1.79 100 50.26
>5 0 100 49.35
ANS-Me
>=1 100 0 51.42
0.921
>=2 96.73 68.09 82.82
>=3 89.45 85.64 87.60
>=4 44.47 98.14 70.54
>=5 1.76 100 49.48
>5 0 100 48.58
Table 37. Sensitivity, specificity, correctly classified and AUC results 
for the CVM Index for Indonesian females.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
For Ar-Pog in Indonesian females, if the cut-off point was set to stage 3, 87.47% of 
individuals were correctly classified and 82.69% were correctly classified if the cut­
off point was set to stage 2. Similar results can also be seen for Ar-Go and S-Pog.
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For ANS-PNS, the test had  100% sensitivity in detecting all individuals in the pre­
peak pubertal growth period when the cut-off point was set to  stage  1.  Moreover, 
‘high sensitivity’ was also obtained if the cut-off point was set to stage 2 (96.94%) 
suggesting that stage 2 may also be utilised to commence treatment. For ANS-Me, 
the results were similar to ANS-PNS with 100% sensitivity for Indonesian females if 
the cut-off point was set to stage 1. In addition, ‘high sensitivity’ was achieved if the 
cut-off point was set to stage 2 (96.73%) (Table 37).
For  Indonesian  females,  the  results  showed  AUC  values  of  greater  than  0.9, 
suggesting that the CVM Index is a valid tool for use to predict whether or not a 
patient has reached peak pubertal growth.
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5.6.5.  SMI for Indonesian Females
Cut-off points 
SMI Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 51.29
>=2 99.75 26.79 64.21
>=3 98.24 53.32 76.36
>=4 94.96 70.03 82.82
>=5 91.18 84.62 87.98
0.944 >=6 90.43 84.88 87.73
>=7 85.39 93.10 89.15
>=8 60.20 97.61 78.42
>=9 37.53 99.20 67.57
>=10 33.75 99.20 65.63
>=11 5.29 100 51.42
>11 0 100 48.71
Ar-Go
>=1 100 0 46.64
>=2 100 24.70 59.82
>=3 99.45 49.88 73.00
>=4 96.68 65.86 80.23
>=5 92.80 79.42 85.66
>=6 91.97 79.66 85.40 0.942
>=7 87.81 88.38 88.11
>=8 64.54 96.37 81.52
>=9 41.27 99.27 72.22
>=10 37.12 99.27 70.28
>=11 5.82 100 56.07
>11 0 100 53.36
S-Pog
>=1 100 0 51.42
>=2 99.75 26.86 64.34
>=3 98.24 53.46 76.49
>=4 94.97 70.21 82.95
>=5 91.21 84.84 88.11
>=6 90.45 85.11 87.86 0.944
>=7 85.18 93.06 89.02
>=8 60.05 97.61 78.29
>=9 37.44 99.20 67.44
>=10 33.67 99.20 65.50
>=11 5.28 100 51.29
>11 0 100 48.58
Table 38. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Indonesian females.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
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ANS-PNS
>=l too 0 50.65
>=2 100 26.70 63.82
>=3 98.47 52.88 75.97
>=4 95.15 69.37 82.43
>=5 91.33 83.77 87.60
>=6 90.56 84.03 87.34 0.946
>=7 86.22 92.93 89.53
>=8 60.97 97.64 79.07
>=9 38.01 99.21 68.22
>=10 34.18 99.21 66.28
>=11 5.36 100 52.07
>11 0 100 49.35
ANS-Me
>=l 100 0 51.42
>=2 99.75 26.86 64.34
>=3 98.24 53.46 76.49
>=4 94.97 70.21 82.95
>=5 91.21 84.84 88.11
>=6 90.45 85.11 87.86 0.944
>=7 85.18 93.09 89.02
>=8 60.05 97.61 78.29
>=9 37.44 99.20 67.44
>=10 33.67 99.20 65.50
>=11 5.28 100 51.29
>11 0 100 48.58
(Continued) Table 38. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Indonesian females.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
For Indonesian females, using the SMI, the results for Ar-Pog showed that 89.15% of 
individuals were correctly classified if the cut-off point was set to stage 7, 87.73% 
when the cut-off point was set to stage 6, 87.98% for stage 5, and 82.82% for stage 4. 
Parameters Ar-Go and S-Pog showed similar results (Table 38).
For ANS-PNS, the test had 100% sensitivity in classifying Indonesian females into 
the pre-peak pubertal growth period when the cut-off points were set to stages 1  and
2.  ‘High sensitivity’, with 98.47% of Indonesian females classified at the pre-peak 
pubertal growth stage, was also obtained when the cut-off point was set to stage 3. 
For ANS-Me, 100% sensitivity was obtained if the cut-off point was set to stage 1  of 
the SMI. In addition, ‘high sensitivity’ was obtained if the cut-off points were set to 
stages 2 (99.75) or 3 (98.24%) (Table 38).
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For this group, the AUC values were greater than 0.9, suggesting that the SMI is a 
valid  tool  for  use  in  Indonesian  females  to  predict  whether  or  not  a  patient  has 
attained peak pubertal growth.
5.6.6.  ROC Curves
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Figure 47. ROC curves comparing the SMI and CVM Index for Indonesian females.
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(Continued) Figure 47. ROC curves comparing the SMI and CVM Index for Indonesian females.
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These  graphs  show  the  ROC  curves  comparing  the  SMI  and  CVM  Index  for 
Indonesian females (Figure 47). The AUC results for the SMI (0.942 to 0.947) were 
higher than for the CVM Index (0.912 to 0.921) and, when the AUCs were compared 
directly,  the  differences  were  statistically  significant  (Table  39).  However,  these 
differences were low in magnitude ranging from only 2.31% to 3.44%. In addition, 
the curves for both the SMI and CVM Index approached the top left hand comers of 
the  ROC  graphs,  suggesting  that  both  tests  have  good  discriminatory  ability  in 
Indonesian females.
Parameters CVM SMI P value
AUC 95% Cl AUC 95% Cl
Ar-Pog 0.921 0.902 to 0.939 0.944 0.929 to 0.959 <0.001
Ar-Go 0.914 0.895 to 0.933 0.942 0.927 to 0.957 <0.001
S-Pog 0.912 0.903 to 0.939 0.947 0.929 to 0.959 <0.001
ANS-PNS 0.919 0.901 to 0.938 0.946 0.931 to 0.961 <0.001
ANS-Me 0.921 0.903 to 0.939 0.944 0.929 to 0.959 <0.001
Table 39. Comparison of the Area Under the Curve (AUC) for both the SMI and CVM Index for
Indonesian females.
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5.6.7.  CVM Index for Caucasian Males
Cut-off points 
CVM Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 59.08
0.917
>=2 98.32 55.65 80.86
>=3 94.41 77.42 87.46
>=4 45.81 99.19 67.66
>=5 9.50 100 46.53
>5 0 100 40.92
Ar-Go
>=1 100 0 44.88
0.880
>=2 98.53 41.92 67.33
>=3 96.32 60.48 76.57
>=4 55.88 95.81 77.89
>=5 12.50 100 60.73
>5 0 100 55.12
S-Pog
>=1 100 0 53.47
0.897
>=2 98.77 49.65 75.91
>=3 95.06 69.50 83.17
>=4 49.38 97.87 71.95
>=5 10.49 100 52.15
>5 0 100 46.53
ANS-PNS
>=1 100 0 44.88
0.880
>=2 98.53 41.92 67.33
>=3 96.32 60.48 76.57
>=4 55.88 95.81 77.89
>=5 12.50 100 60.73
>5 0 100 55.12
ANS-Me
>=l 100 0 53.47
0.897
>=2 98.77 49.65 75.91
>=3 95.06 69.50 83.17
>=4 49.38 97.87 71.95
>=5 10.49 100 52.15
>5 0 100 46.53
Table 40. Sensitivity, specificity, correctly classified and AUC results 
for the CVM Index for Caucasian males.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
For this group, the findings for Ar-Pog in Caucasian males showed that if the cut-off 
point was set to stage 3, 87.46% of individuals were correctly classified as having yet 
to attain peak growth or have attained/passed peak growth and 80.86% if the cut-off
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point was set to stage 2. For Ar-Go, 77.89% were correctly classified if the cut-off 
point  was  set to  stage  4,  76.57%  when  the  cut-off point  was  set  to  stage  3  and 
67.33% when set to stage 2. Similar results can also be seen for S-Pog where 83.17% 
of individuals were correctly classified if the cut-off point was  set to  stage 3  and 
75.91% when the cut-off point was set to stage 2 (Table 40).
For ANS-PNS  and ANS-Me in Caucasian males,  the test had  100% sensitivity in 
classifying all  individuals at the pre-peak pubertal growth period when the cut-off 
point was set to stage 1. In addition, ‘high sensitivity’ was achieved when the cut-off 
point was set to stage 2 (ANS-PNS: 98.53% and ANS-Me: 98.77%) (Table 40).
The result for this group showed AUC values of greater than 0.8, suggesting that the 
CVM Index is a valid tool for use in Caucasian males to predict whether a patient has 
yet to reach peak growth, or has reached/passed peak growth.
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5.6.8.  SMI for Caucasian Males
Cut-off points 
SMI Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 59.08
>=2 100 16.94 66.01
>=3 99.44 37.10 73.93
>=4 97.21 60.48 82.18
>=5 94.97 75.00 86.80
>=6 89.94 84.68 87.79 0.951
>=7 80.45 96.77 87.13
>=8 53.63 99.19 72.28
>=9 38.55 99.19 63.37
>=10 35.20 99.19 61.39
>=11 12.85 100 48.51
>11 0 100 40.92
Ar-Go
>=1 100 0 44.88
>=2 100 12.57 51.82
>=3 100 28.14 60.40
>=4 97.79 46.11 69.31
>=5 96.32 58.08 75.25
>=6 95.59 70.06 81.52 0.943
>=7 91.18 85.63 88.12
>=8 68.38 97.60 84.49
>=9 50.00 98.80 76.90
>=10 46.32 99.40 75.58
>=11 16.91 100 62.71
>11 0 100 55.12
S-Pog
>=1 100 0 53.47
>=2 100 14.89 60.40
>=3 100 33.33 68.98
>=4 98.15 54.61 77.89
>=5 95.68 67.38 82.51
>=6 91.36 77.30 84.82 0.941
>=7 83.33 90.78 86.80
>=8 59.26 99.29 77.89
>=9 42.59 99.29 68.98
>=10 38.89 99.29 67.00
>=11 14.20 100 54.13
>11 0 100 46.53
Table 41. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Caucasian males.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
(Continued on next page)
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ANS-PNS
>=1 100 0 44.88
>=2 100 12.57 51.82
>=3 100 28.14 60.40
>=4 97.79 46.11 69.31
>=5 96.32 58.08 75.25
>=6 95.59 70.06 81.52 0.943
>=7 91.18 85.63 88.12
>=8 68.38 97.60 84.49
>=9 50.00 98.80 76.90
>=10 46.32 99.40 75.58
>=11 16.91 100 92.71
>11 0 100 55.12
ANS-Me
>=1 100 0 53.47
>=2 100 14.89 60.40
>=3 100 33.33 68.98
>=4 98.15 54.61 77.89
>=5 95.68 67.38 82.51
>=6 91.36 77.30 84.82 0.941
>=7 83.33 90.78 86.80
>=8 59.26 99.29 77.89
>=9 42.59 99.29 68.98
>=10 38.89 99.29 67.00
>=11 14.20 100 54.13
>11 0 100 46.53
(Continued) Table 41. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Caucasian males.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
In Caucasian males, the results for Ar-Pog showed that 87.79% of individuals were 
correctly classified as having yet to attain peak growth or have reached/passed peak 
growth if the cut-off point was set to stage 6, 86.80% when the cut-off point was set 
to stage 5 and 82.18% for stage 4. For Ar-Go, 88.12% were correctly classified if the 
cut-off point  was  set to  stage  7,  81.52%  if the  cut-off point  was  set  to  stage  6, 
75.25% if the cut-off point was set to stage 5 and 69.31% for stage 4. Similar results 
were also seen for S-Pog, where 86.80% were correctly classified if the cut-off point 
was set to stage 7, 84.82% if the cut-off point was set to stage 6, 82.51% for stage 5 
and 77.89% if the cut-off point was set to stage 4 (Table 41).
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For ANS-PNS  and  ANS-Me  in  Caucasian  males,  100%  sensitivity  was  obtained 
when the cut-off points were set to stages 1  to 3, suggesting that all individuals were 
classified at the pre-peak pubertal growth period (Table 41).
The result for Caucasian males showed AUC values of greater than 0.9, suggesting 
that the SMI is a valid tool to predict whether a patient has yet to reach peak pubertal 
growth or has reached/passed peak pubertal growth.
5.6.9.  ROC Curves
----- •-----  CVM ROC area: 0.9165 - • ------  SMI ROC area: 0.9505
-------------  Reference
— • —   CVM ROC area: 0.8801  — -•-----   SMI ROC area: 0.943
Reference
Ar-Pog
Ar-Go
  1 -----
0.50 
1-Specificity
0.50 
1-Specificity
I® c o
Figure 48. ROC curves comparing the SMI and CVM Index for Caucasian males.
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(Continued) Figure 48. ROC curves comparing the SMI and CVM Index for Caucasian males.
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These graphs show the ROC curves for both the SMI and CVM Index for Caucasian 
males (Figure 48). In general, the results of the AUC for the SMI (0.941  to 0.951) 
were higher than for the CVM Index (0.880 to 0.917) and the differences between 
the  AUC  values  were  statistically  significant,  but  low  in  magnitude,  for  all 
parameters investigated (3.4% to 6.29%) (Table 42). However, the ROC curves for 
both the SMI and CVM Index approached the top left hand comers of the graphs, 
suggesting that both tests have good discriminatory ability in Caucasian males.
Parameters 1 CVM SMI P value
AUC 95% Cl AUC 95% Cl
Ar-Pog 0.917 0.888 to 0.945 0.951 0.928 to 0.973 <0.001
Ar-Go 0.880 0.847 to 0.914 0.943 0.919 to 0.967 <0.001
S-Pog 0.897 0.866 to 0.928 0.941 0.918 to 0.965 <0.001
ANS-PNS 0.880 0.847 to 0.914 0.943 0.919 to 0.967 <0.001
ANS-Me 0.897 0.866 to 0.928 0.941 0.918 to 0.965 <0.001
Table 42. Comparison of the Area Under the Curve (AUC) for both the SMI and CVM Index for
Caucasian males.
157Comparison of the discriminatory ability of the SMI and CVM Index in detecting peak
pubertal growth in Indonesian and Caucasian children using ROC analysis
5.6.10.  CVM Index for Caucasian Females
Cut-off points 
CVM Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 51.13
0.861
>=2 99.12 19.44 60.18
>=3 98.67 42.59 71.27
>=4 80.97 81.94 81.45
>=5 15.04 99.54 56.33
>5 0 100 48.87
Ar-Go
>=1 100 0 54.98
0.862
>=2 99.18 21.11 64.03
>=3 98.35 45.73 74.66
>=4 77.78 83.42 80.32
>=5 14.40 100 52.94
>5 0 100 45.02
S-Pog
>=1 100 0 51.13
0.861
>=2 99.12 19.44 60.18
>=3 98.67 42.59 71.27
>=4 80.97 81.94 81.45
>=5 15.04 99.54 56.33
>5 0 100 48.87
ANS-PNS
>=1 100 0 81.90
0.941
>=2 98.62 48.75 89.59
>=3 92.54 85.00 91.18
>=4 61.05 98.75 67.87
>=5 9.67 100 26.02
>5 0 100 18.10
ANS-Me
>=l 100 0 51.13
0.861
>=2 99.12 19.44 60.18
>=3 98.67 42.59 71.27
>=4 80.97 81.94 81.45
>=5 15.04 99.54 56.33
>5 0 100 48.87
Table 43. Sensitivity, specificity, correctly classified and AUC results 
for the CVM Index for Caucasian females.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
In  Caucasian females, for Ar-Pog, 81.45% of individuals were correctly classified if 
the cut-off point was set to stage 4, 71.27% if the cut-off point was set to stage 3 and 
60.18% for stage 2. For Ar-Go, 80.32% of individuals were correctly classified if the
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cut-off point was set to stage 4, 74.66% for stage 3 and 64.03% for stage 2. Similar 
results  could also  be  seen for  S-Pog where  81.45%  of individuals  were  correctly 
classified if the cut-off point was set to stage 4, 71.27% for stage 3 and 60.18% for 
stage 2 (Table 43).
For ANS-PNS and ANS-Me, there was 100% sensitivity in classifying all Caucasian 
females  at the pre-peak pubertal  growth period  when the  cut-off point  was  set to 
stage  1. Moreover, ‘high sensitivity’  was also achieved when the cut-off point was 
set to stage 2 (ANS-PNS: 98.62% and ANS-Me: 99.12%) (Table 43).
For all the parameters  investigated  in this  group, the results  showed  AUC  values 
greater than 0.8, which suggests that the CVM Index is a valid tool to be used in 
Caucasian females to predict whether a patient has yet to reach peak pubertal growth 
or has reached/passed peak pubertal growth.
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5.6.11.  SMI for Caucasian Females
Cut-off points 
SMI Stage
Sensitivity (%) Specificity (%) Correctly 
classified (%)
Area Under 
the ROC curve 
(AUC)
Ar-Pog
>=1 100 0 51.13
>=2 100 8.33 55.20
>=3 99.56 15.28 58.37
>=4 99.12 20.83 60.86
>=5 98.67 38.43 69.23
0.923 >=6 98.67 46.30 73.08
>=7 94.25 67.13 81.00
>=8 85.84 84.26 85.07
>=9 73.45 93.52 83.26
>=10 72.12 93.98 82.81
>=11 37.17 99.54 67.65
>11 0 100 48.87
Ar-Go
>=1 100 0 54.98
>=2 100 9.05 59.05
>=3 99.59 16.58 62.22
>=4 98.77 22.11 64.25
>=5 98.35 41.21 72.62 0.918
>=6 97.94 49.25 76.02
>=7 92.59 70.35 82.58
>=8 83.13 86.93 84.84
>=9 69.14 93.97 80.32
>=10 97.90 94.47 79.86
>=11 34.57 99.50 63.80
>11 0 100 45.02
S-Pog
>=1 100 0 51.13
>=2 100 8.33 55.20
>=3 99.56 15.28 58.37
>=4 99.12 20.83 60.86
>=5 98.67 38.43 69.23
>=6 98.67 46.30 73.08 0.923
>=7 94.25 67.13 81.00
>=8 85.84 84.26 85.07
>=9 73.45 93.52 83.26
>=10 72.12 93.98 82.81
>=11 37.17 99.54 67.65
>11 0 100 48.87
Table 44. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Caucasian females.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
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ANS-PNS
>=1 100 0 81.90
>=2 100 22.50 85.97
>=3 99.17 38.75 88.24
>=4 98.07 50.00 89.37
>=5 93.37 77.50 90.50 0.951
>=6 90.88 87.50 90.27
>=7 77.62 96.25 81.00
>=8 62.71 98.75 69.23
>=9 49.72 100 58.82
>=10 48.62 100 57.92
>=11 23.48 100 37.33
>11 0 100 18.10
ANS-Me
>=1 100 0 51.13
>=2 100 8.33 55.20
>=3 99.56 15.28 58.37
>=4 99.12 20.83 60.86
>=5 98.67 38..43 69.23
>=6 98.67 46.30 73.08 0.923
>=7 94.25 67.13 81.00
>=8 85.84 84.26 85.07
>=9 73.45 93.52 83.26
>=10 72.12 93.98 82.81
>=11 37.17 99.54 67.65
>11 0 100 48.87
(Continued) Table 44. Sensitivity, specificity, correctly classified and AUC results 
for the SMI for Caucasian females.
Previously reported optimum cut-off points are shaded. Observed optimal cut-off points for 
mandibular parameters are in blue and the observed cut-off points with ‘high sensitivity’ for maxillary
parameters are in red.
For Ar-Pog in Caucasian females, 85.07% of individuals were correctly classified if 
the cut-off point was set to stage  8.  Correct classification ranged from 60.86% to 
73.08% if the cut-off points were set to stages 4 to 6, as recommended by Fishman 
(1982). For Ar-Go, the percentage of correct classification for stage 8 was 84.84%, 
with the percentage of correct classification ranging from 64.25% to 76.02% if the 
cut-off points were set to stages 4 to 6. For S-Pog, 85.07% were correctly classified 
if the cut-off point was set to stage 8, whilst 60.86% to 73.08% of individuals were 
correctly classified if the cut-off points were set to stages 4 to 6 (Table 44).
For ANS-PNS  and ANS-Me  in Caucasian  females,  the test had  100%  sensitivity 
when using stages  1   and 2 as the cut-off points, indicating that all individuals were 
classified  at  the  pre-peak  pubertal  growth  period.  ‘High  sensitivity’  was  also 
achieved if the cut-off point was set to stage 3 (ANS-PNS:  99.17% and ANS-Me:
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99.56%).  Fishman (2000) recommended stages  1   to 3  of the  SMI to represent the 
pre-peak pubertal growth period, during which growth modification for the maxilla 
should be initiated.
Again,  for  all  the  parameters  investigated  in  the  study,  the  results  showed  AUC 
values  of greater than  0.9,  suggesting that the  SMI  is  a valid tool  to  be  used  in 
Caucasian females for the purpose of predicting whether a patient has yet to reach 
peak growth or has reached/passed this stage.
5.6.12.  ROC Curves
0.50 
1-Specificity
CVM ROC area: 0.8617 
Reference
SMI ROC area: 0.918
Figure 49. ROC curves comparing the SMI and CVM Index for Caucasian females.
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(Continued) Figure 49. ROC curves comparing the SMI and CVM Index for Caucasian females.
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These  graphs  show  the  ROC  curves  for  the  SMI  and  CVM  Index  in  Caucasian 
females (Figure 49). For all parameters investigated in this study, the SMI had AUC 
values greater than 0.9 (0.918 to 0.951) which were higher than those for the CVM 
Index  (0.861  to  0.941).  When the AUC  values  for both methods  were  compared 
directly  for  each  parameter  investigated,  the  differences  between  them  were 
statistically  significant with differences ranging  from  1.08% to  6.22%  (Table 45). 
However, these differences were low in magnitude and the ROC curves for the SMI 
and CVM Index approached the top left hand comers of the graphs, suggesting that 
both tests have good discriminatory ability in this sample group.
Param eters CVM SM I P value
AUC 95% Cl AUC 95% Cl
Ar-Pog 0.861 0.829 to 0.892 0.923 0.899 to 0.947 <0.001
Ar-Go 0.862 0.829 to 0.893 0.918 0.893 to 0.943 <0.001
S-Pog 0.861 0.829 to 0.892 0.923 0.899 to 0.947 <0.001
ANS-PNS 0.941 0.916 to 0.965 0.951 0.931 to 0.972 0.045
ANS-Me 0.861 0.829 to 0.892 0.923 0.899 to 0.947 <0.001
Table 45. Comparison of the Area Under the Curve (AUC) for both the SMI and CVM Index for
Caucasian females.
Table 46 summarises the observed cut-off points with highest correct classification 
for mandibular parameters as well as cut-off points with ‘high sensitivity’ value for 
maxillary parameters for the SMI and CVM Index in both ethnic and gender groups. 
Previously  reported  optimum  cut-off  points  in  the  literature  which  have  been 
recommended as being clinically important for intervention are also presented.
164Parameters
C ut-off points
C V M 1 S M I2
IM IF CM CF IM IF CM CF
Ar-Pog
(observed optimum cut-off  point 
with highest correct classification)
3
(88.89%)
3
(87.47%)
3
(87.46%)
4
(81.45%)
5,6
(89.04%)
7
(89.15%)
6
(87.79%)
8
(85.07%)
Ar-Pog
(previously reported optimum)
2
(77.01%)
3
(88.89%)
2
(82.69%)
3
(87.47%)
2
(80.86%)
3
(87.46%)
2
(60.18%)
3
(71.27%)
4
(84.41%)
5,6
(89.04%)
4
(82.82%)
5
(87.98%)
6
(87.73%)
4
(82.18%)
5
(86.80%)
6
(87.79%)
4
(60.86%)
5
(69.23%)
6
(73.08%)
Ar-Go
(observed optimum cut-off  point 
with highest correct classification)
3
(88.12%)
3
(85.92%)
4
(77.89%)
4
(80.32%)
5,6
(88.58%)
7
(88.11%)
7
(88.12%)
8
(84.84%)
Ar-Go
(previously reported optimum)
2
(75.31%)
3
(88.12%)
2
(80.10%)
3
(85.92%)
2
(67.33%)
3
(76.57%)
2
(64.03%)
3
(74.66%)
4
(83.64%)
5,6
(88.58%)
4
(80.23%)
5
(85.66%)
6
(85.40%)
4
(69.31%)
5
(75.25%)
6
(81.52%)
4
(64.25%)
5
(72.62%)
6
(76.02%)
S-Pog
(observed optimum cut-off  point 
with highest correct classification)
3
(87.81%)
3
(87.60%)
3
(83.17%)
4
(81.45%)
5
(88.27%)
7
(89.02%)
7
(86.80%)
8
(85.07%)
S-Pog
(previously reported optimum)
2
(78.40%)
3
(87.81%)
2
(82.82%)
3
(87.60%)
2
(75.91%)
3
(83.17%)
2
(60.18%)
3
(71.27%)
4
(86.11%)
5
(88.27%)
6
(87.96%)
4
(82.95%)
5
(88.11%)
6
(87.86%)
4
(77.89%)
5
(82.51%)
6
(84.82%)
4
(60.86%)
5
(69.23%)
6
(73.08%)
Table 46. Summary of ROC analysis for both the SMI and CVM Index.
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The observed optimum cut-off points for mandibular parameters to maximize the proportion of children correctly classified as those who have yet to attain peak pubertal growth and those who 
have reached/passed peak growth. The observed cut-off points for maxilla with ’high sensitivity’ values to ensure maximum proportion of children who have not attained peak pubertal growth. 
The figures in brackets show the percentage of individuals classified at these cut-off points. Results from the current study are presented along with those previously reported in the literature as 
being clinically relevant for intervention. (IM = Indonesian Males; IF = Indonesian Females; CM = Caucasian Males; CF = Caucasian Females)
^   1   Baccetti T, Franchi L, Me Namara JA. An improved version of the cervical vertebral maturation (CVM) method for the assessment of mandibular growth. Angle Orthod 2002; 72: 316-323.
L/i  2   Fishman LS. Radiographic evaluation of skeletal maturation. A clinically oriented method  based on hand-wrist films. Angle Orthod 1982; 52: 88-112.
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Parameters C V M 3 S M I4
IM IF CM CF IM IF CM CF
1 1 1 1 1 1 l l
ANS-PNS (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
(observed cut-off points 
with ‘high sensitivity’
2
(96.94%)
2
(98.53%)
2
(98.62%)
2
(93.87%)
2
(100%)
3
2
(100%)
3
2
(100%)
3
value) (98.47%) (100%) (99.17%)
1 1 1 1 1 1 1 1
ANS-PNS (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
(previously reported 
optimum)
2
(77.59%)
2
(96.94%)
2
(98.53%)
2
(98.62%)
2
(93.87%)
3
(84.57%)
2
(100%)
3
(98.47%)
2
(100%)
3
(100%)
2
(100%)
3
(99.17%)
ANS-Me
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
(observed cut-off points 
with ‘high sensitivity’
2
(92.28%)
2
(96.73%)
2
(98.77%)
2
(99.12%)
2
(98.32%)
3
2
(99.75%)
3
2
(100%)
3
2
(100%)
3
value) (93.96%) (98.24%) (100%) (99.56%)
ANS-Me
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
1
(100%)
(previously reported 
optimum)
2
(92.28%)
2
(96.73%)
2
(98.77%)
2
(99.12%)
2
(98.32%)
3
(93.96%)
2
(99.75%)
3
(98.24%)
2
(100%)
3
(100%)
2
(100%)
3
(99.56%)
(Continued) Table 46. Summary of ROC analysis for both the SMI and CVM Index.
The observed optimum cut-off points for mandibular parameters to maximize the proportion of children correctly classified as those who have yet to attain peak pubertal growth and those who 
have reached/passed peak growth. The observed cut-off points for maxilla with ‘high sensitivity’ values to ensure maximum proportion of children who have not attained peak pubertal growth. 
The figures in brackets show the percentage of individuals classified at these cut-off points. Results from the current study are presented along with those previously reported in the literature as 
being clinically relevant for intervention. (IM = Indonesian Males; IF = Indonesian Females; CM = Caucasian Males; CF = Caucasian Females)
3   Baccetti T, Franchi L, Me Namara JA. The cervical vertebral maturatioin (CVM) method for the assessment of optimal treatment timing in dentofacial orthopedics. Semin Orthod 2005; 11:  119-129. 
Fishman LS. Maturational development and facial form relative to treatment timing. In: Subtelny DJ, editor. Early orthodontic treatment. 1st ed. Chicago: Quintessence Publishing Co Ltd.; 2000. p.
265-285.
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5.7.  Discussion
5.7.1.  CVM  Index: M andibular param eters (Ar-Pog, Ar-G o, S-Pog)
Indonesians and Caucasians (Tables 34, 37,40, 43 and 46)
The  results  of this  study  showed  high  percentages  of correct  classification  when 
using stages 2 and 3 as the cut-off points for all mandibular parameters tested. The 
observed optimum cut-off points were in agreement with Baccetti et al. (2002) and 
Grave and Townsend (2003b) who suggested that the peak pubertal growth spurt of 
the mandible occurs between stages 2 and 3 of the CVM Index. In Indonesian males 
and females, the observed optimum cut-off point for all parameters was stage 3 with 
greater than  85%  of individuals  correctly  classified  as  having  yet  to  attain  peak 
pubertal  growth  or  having  attained/passed  peak  pubertal  growth  and  greater  than 
75% were correctly classified if the cut-off point was set to stage 2.
In Caucasian females, the observed optimum cut-off point for all three parameters 
was stage 4 and for males was stage 3 for Ar-Pog and S-Pog but stage 4 for Ar-Go. 
Greater than  75%  were  correctly  classified  as  having  yet  to  attain  peak  pubertal 
growth  or  having  attained/passed  peak  pubertal  growth.  Nevertheless,  for  all 
parameters tested in this study, if the cut-off point was set to stage 3, greater than 
70% of individuals were correctly classified. If the cut-off point was set to stage 2, 
on average, greater than 60% of individuals were correctly classified. Consideration 
should be given to whether stage 4 may be a better stage for growth modification in 
Caucasian females and this warrants further investigation.
Therefore, the results of this study support the suggestions of Baccetti et al. (2002) 
and Grave and Townsend (2003b) and they are relevant if growth modification is to 
be  undertaken  for  Class  II  patients,  where  intervention  has  been  recommended 
during, or slightly after, peak pubertal growth (Pancherz and Hagg, 1985; Baccetti et 
al., 2000; Faltin et al., 2003). It must however be borne in mind that the current study 
included  only  individuals  with  Class  I  occlusions,  therefore  caution  should  be 
exercised in extrapolating these findings to  individuals with skeletal  discrepancies 
and further research is required to support these findings in other patient groups.
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5.7.2. CVM  Index: M axillary param eters (AN S-PNS, ANS-M e)
Indonesians and Caucasians (Tables 34, 37, 40, 43 and 46)
The findings for the maxillary parameters for both ethnic and gender groups were in 
accordance  with  Baccetti  et  al.  (2005)  who  suggested  that  growth  modification 
treatment for the maxilla (e.g. with protraction headgear) should be initiated before 
peak pubertal growth of the maxilla (stage  1   or 2 of the CVM Index). In addition, 
Westwood et al (2003) reported that when patients were treated with rapid maxillary 
expansion and protraction headgear before peak pubertal growth (early stages of the 
CVM Index), there was minimal change in lower anterior face height. Therefore, it is 
recommended that subjects with an increased vertical face height should be treated at 
this stage to reduce the possibility of further increases in facial height.
The present study found that using stage 1  of the CVM Index gave the highest degree 
of certainty,  because  the  sensitivity  was,  by  definition,  100%  for  all  cases.  This 
means that every individual would be at the pre-peak pubertal growth period. Stage 2 
was also associated with  ‘high sensitivity’  since the values were  generally greater 
than 90% (except for ANS-PNS in Indonesian males where the value was 77.59%). 
Therefore, in a situation where treatment cannot be commenced at the earlier stage, 
stage 2 may be also used with a reasonable degree of certainty, in that approximately 
90% of individuals would be  expected to  still be  at the pre-peak pubertal  growth 
stage.
5.7.3. SM I: M andibular param eters (Ar-Pog, Ar-G o, S-Pog)
Indonesians and Caucasians (Tables 35, 38, 41, 44 and 46)
The results showed high percentages of correct classification for Indonesian males 
and  females,  if the  cut-off points  were  set  to  stages  4  to  6  for  all  mandibular 
parameters  (greater  than  80%).  This  is  in  agreement  with  previously  reported 
optimum SMI stages (Fishman,  1982), who suggested that peak mandibular growth 
occurred during stages 4 to 6.  In Indonesian males, the observed optimum cut-off
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points for all parameters were stages 5 and 6, with greater than 85% of individuals 
correctly  classified  as  having  yet  to  attain  peak  pubertal  growth  or  having 
attained/passed peak pubertal growth.
In Indonesian females and male and female Caucasians, the observed optimum cut­
off points for the majority of mandibular parameters were either stage 7 or 8, with 
greater than 80% of individuals correctly classified. The results for stages 4 to 6 also 
showed  greater  than  80%  correct  classification  in  Indonesian  females,  whilst  the 
results in Caucasians ranged from 60% to  87%.  Further studies should investigate 
whether  stage  7  (in  Indonesian  females  and  Caucasian  males)  or  stage  8  (in 
Caucasian  females)  may  be  more  appropriate  recommendations  for  the 
commencement of growth modification treatment.
The results  support the principle that the  SMI has  good discriminatory  ability  for 
determining the timing of the pubertal  growth  spurt, although with later optimum 
cut-off  points  than  recommended  by  Fishman  (1982).  It  is  therefore  useful  in 
planning the appropriate timing for mandibular growth modification in patients with 
skeletal discrepancies. However, these data should be interpreted with some caution 
as this study included only Class I patients.
5.7.4.  SMI: M axillary param eters (AN S-PNS, ANS-M e)
Indonesians and Caucasians (Tables 35, 38, 41, 44 and 46)
For ANS-PNS and ANS-Me in both ethnic and gender groups, the results showed 
‘high sensitivity’  where individuals were classified with a high degree of certainty 
into the pre-peak pubertal growth stage if the cut-off points were set to stages 1  to 3. 
Hence, the SMI appeared to have a good discriminatory ability when assessing the 
early stages of maxillary pubertal growth in both ethnic and gender groups and this 
may prove useful if growth modification in the maxilla (e.g. protraction headgear) is 
contemplated. These results are in agreement with Fishman (2000) who considered 
stages  1   to 3  to be part of pre-pubertal growth, during which growth modification 
treatment for maxillary deficiency should be initiated.
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5.7.5. G eneral Discussion
There were differences in the observed optimum cut-off points between gender and 
ethnic  groups,  as  well  as  for  the  different  parameters  investigated  in  this  study. 
Caution must be  exercised when  interpreting  the  findings  of this  study  as  it was 
based on cross-sectional data which has inherent limitations when analysing growth, 
as  discussed  in  Chapter 4.  In  addition,  all  subjects  had  Class  I  occlusions,  hence 
inferences  made  regarding  individuals  with  Class  II  or  Class  III  malocclusions 
should be viewed with some caution and further investigation is recommended in 
order to support the stated inferences.
5.7.6. RO C Curves for CVM  and SM I 
Indonesians and Caucasians
The ROC analysis for Ar-Pog in Indonesian males showed that the AUC for the SMI 
was 0.928 and for the CVM Index was 0.918 (Table 36). In Indonesian females, the 
AUC  for the  SMI was 0.944 and for the CVM  Index was 0.921  (Table  39).  This 
suggests that both the CVM Index and the SMI are valid clinical diagnostic indices. 
However, even though the differences in AUC values were statistically significant, 
the magnitude of the differences between the AUC of the SMI and CVM Index were 
1.07%  for  Indonesian  males  and  2.37%  for  Indonesian  females.  Therefore,  the 
differences between the two methods would be unlikely to be clinically relevant.
The ROC analysis for ANS-PNS in Indonesian males showed that the AUC for the 
SMI was  0.913  and  for the  CVM  Index  was  0.853,  whilst in Indonesian  females 
these values were  0.946  and 0.919 respectively  (Tables 36 and 39).  Although the 
differences  between  the  two  indices  were  statistically  significant,  the  differences 
were  only  2.5%  (females)  and  5.93%  (males)  and,  again,  this  is  unlikely  to  be 
clinically relevant.
Similarly for other parameters in Indonesian males and females (Ar-Go, S-Pog and 
ANS-Me), the results showed AUC values of greater than 0.8  (Tables 36 and 39).
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The differences between the AUC of the SMI and the CVM Index were relatively 
low, only 1.43% for Ar-Go in Indonesian males and 2.8% in the females,  1.71% for 
S-Pog  in  Indonesian males and 3.44%  in the  females  and  1.62%  for ANS-Me  in 
Indonesian males and 2.31% in the females.
For Ar-Pog in Caucasian males, the AUC for the SMI was 0.951  and for the CVM 
Index  was  0.917,  whilst  in  Caucasian  female,  the  values  were  0.923  and  0.861 
respectively (Tables 42  and 45).  Again,  although the differences were  statistically 
significant, the differences were relatively low at 3.4% (male) and 6.22% (female). 
For ANS-PNS  in Caucasian males,  the  SMI had an AUC  of 0.943  and the  CVM 
Index had an AUC of 0.880, whilst in Caucasian females, the values were 0.951 and 
0.941 respectively (Tables 42 and 45). Again, the differences were low at only 1.08% 
(females) and 6.29% (males).
Similarly,  other  parameters  for  Caucasian  males  and  females  (Ar-Go,  S-Pog  and 
ANS-Me) showed AUC values greater than 0.8 (Tables 42 and 45). The differences 
between the AUC of SMI and CVM Index were all relatively low, only 6.29% for 
Ar-Go in Caucasian males and 5.63% in the females, 4.39% for S-Pog in Caucasian 
males and 6.22% in the females, 4.39% for ANS-Me in Caucasian males and 6.22% 
in the females.
These  findings  suggest  that  both  the  SMI  and  the  CVM  Index  are  valid  clinical 
diagnostic  indices  for use  in the prediction  of whether,  or not,  an  individual  has 
reached peak pubertal growth, with the SMI showing slightly superior results.
All  ROC  curve  analyses  showed  that  the  curves  were  close  to  the  top  left  hand 
comers of the graphs and both indices (SMI and CVM Index) had AUCs of greater 
than 0.8 for all parameters studied. Therefore, it seems that both the SMI and CVM 
Index  are  valid  diagnostic  indices  to  discriminate  subjects  into  the  pre-peak  or 
peak/post-peak stages. The indices have also been shown to be valid in both ethnic 
groups.
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Previous studies have reported high correlations between the SMI and CVM Index 
(Hassel and Farman,  1995; Kucukkeles et al.,  1999; Chang et al., 2001; San Roman 
et al.,  2002; Flores-Mir et al., 2006).  However,  correlation values cannot indicate 
that one method is “better” than the other. One of the strengths of this study is that, to 
the best of our knowledge, it was the first to utilise ROC analysis to investigate the 
discriminatory ability of both methods in order to assess differences between them. 
In  this  way,  the  study  was  able  to  show  that  both  methods  are  valid  diagnostic 
indices  to  discriminate  subjects  into  those  who  have  yet  to  reach  peak  pubertal 
growth and those  who  have reached/passed peak pubertal  growth.  The  study  also 
showed that even though the AUC differences between the CVM Index and the SMI 
were  statistically significant, they were relatively low in magnitude in both ethnic 
and gender groups.
According  to  the  Orthodontic  Radiographs  Guidelines  published  by  the  British 
Orthodontic  Society  (Isaacson  and  Thom,  2001),  the  typical  effective  dose  for  a 
lateral cephalometric radiograph is 1  to 3 pSv (microsieverts) compared with 10-100 
pSv  for a hand-wrist radiograph (up  to  lOOx  greater than  a  lateral  cephalometric 
radiograph).  Therefore,  this  study  strongly  suggests  that  there  is  not  sufficient 
diagnostic benefit to justify taking hand-wrist radiographs in order to predict peak 
pubertal  growth  of  the  maxilla  and  mandible,  when  the  use  of  routine  lateral 
cephalometric radiographs can be optimised
5.8.  Conclusions
o  This study showed that, in general, both the SMI and the CVM Index are
valid clinical diagnostic methods to discriminate subjects into those who 
have not yet attained peak pubertal growth and those who have reached, 
or passed, peak pubertal growth. The indices have also been shown to be 
valid in both ethnic groups, 
o  This  study also  found that the  differences  in the  discriminatory ability
between the SMI and the CVM Index were between 1% and 7% in both 
ethnic and gender groups. A hand-wrist radiograph requires up to  lOOx 
the effective radiation dose of a lateral cephalogram, hence these results
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strongly question the risk-benefit balance of taking additional hand-wrist 
radiographs,  when  similar  discriminatory  ability  is  available  from  the 
CVM Index, which is readily available using most lateral cephalometric 
radiographs.
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COMPARISON OF CRANIOFACIAL AND CERVICAL 
VERTEBRAE MORPHOLOGY IN INDONESIAN AND 
CAUCASIAN CHILDRENComparison of craniofacial and cervical vertebrae morphology in
Indonesian and Caucasian children
6.1. Aims
o  To  investigate  whether  there  is  any  difference  between  craniofacial  and 
cervical vertebrae morphology of Indonesian and Caucasian subjects in the 
age ranges 10 to 17 years in males and 8 to 15 years in females.
6.2. Subjects
As described in previous chapters, this study included 2,167 subjects: 648 Indonesian 
males, 303 Caucasian males (age range 10 to  17 years), 774 Indonesian females and 
442 Caucasian females (age range 8 to 15 years) (Table 6 on page 63).
6.3. Methods
6.3.1.  Craniofacial m orphology param eters
Craniofacial morphology was evaluated on the lateral cephalometric radiograph for 
each individual. All radiographs were initially traced and then digitised using GELA 
software. Ten linear craniofacial parameters were used to compare the craniofacial 
dimensions between the ethnic and gender groups over the stated age ranges (Table 
47).
Craniofacial m orphology Param eters
Cranial Base Sella - Nasion (S-N) 
Sella - Basion (S-Ba) 
Nasion-Basion (N-Ba)
Maxilla Anterior Nasal Spine - Posterior Nasal Spine 
(ANS-PNS)
Anterior Nasal Spine - Menton (ANS-Me) 
Nasion - Anterior Nasal Spine (N-ANS) 
Posterior  Nasal  Spine  -  Mandibular  Plane 
(PNS-GoMe)
Mandible Articulare - Pogonion (Ar-Pog) 
Articulare - Gonion (Ar-Go) 
Sella - Pogonion (S-Pog)
Table 47. Craniofacial parameters analysed in this study.
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These  parameters  were  selected  based  on  clinical  relevance  as  well  as  on  the 
repeatability test data (Tables 21  and 22 on pages 82 and 83). Bhatia and Leighton 
(1993) and Ochoa and Nanda (2004) showed that angular craniofacial dimensions 
tend to be more stable over time and are not influenced to a great extent by growth, 
therefore linear measurements were selected in preference to angular measurements.
Figure  50. Diagram showing the cranial base linear measurements (S-N, S-Ba and N-Ba).
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Figure  51. Diagram showing linear measurements including maxillary 
and mandibular landmarks (N-ANS, ANS-PNS, ANS-Me and PNS-GoMe).
NB: PNS-GoMe is the linear measurement represented by a line perpendicular 
from GoMe line to PNS.
Go
Figure  52. Diagram showing linear measurements including cranial base and mandibular landmarks
(Ar-Pog, Ar-Go, S-Pog).
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6.3.2. Cervical vertebrae parameters
A number of cervical vertebrae parameters, based on the studies by Hellsing (1991) 
and Baccetti et al. (2002), were selected in order to compare dimensions over the age 
ranges. The second to the fourth vertebrae were included and, for each vertebra, the 
height (anterior and posterior),  width and concavity were measured  (Table  18  on 
page 79).
The magnification of the lateral cephalometric radiographs for the Indonesians and 
Caucasians were 5% and  15% respectively. All linear measurements were therefore 
adjusted accordingly in order to  standardise the groups (Bergersen,  1980;  Dibbets 
and Nolte, 2002).
6.3.3. Statistical analysis
Stata version 8.2 (Intercooled Stata version 8.2,  Stata Corp., 4905 Lakeway Drive, 
College Station, Texas 77845, USA) software was used for data analysis. The syntax 
commands  used  to  analyse  craniofacial  and  cervical  vertebrae  morphology  are 
reproduced in Appendix 5 with one craniofacial morphology parameter used as an 
example (Ar-Pog -  Articulare-Pogonion).  These  syntax  commands were modified 
and used for all other parameters, stratified by gender and ethnicity.
Each parameter for every ethnic and gender sub-group was plotted against age using 
a scatter plot. Then, to produce an overall average growth curve, the “running mean 
smoother line” was constructed through the data points as previously described (Page 
109).  The  smooth  fit  lines  for  each parameter  were  plotted  against  age  for both 
Indonesians and Caucasians on a single graph to enable direct visual comparison of 
the  dimensions  between  the  ethnic  groups  (Figure  53).  The  same procedure  was 
applied to assess whether there were any differences between gender groups within 
both  Indonesians and Caucasians.  The  figures illustrating the  smooth fit lines  for 
each parameter are available as appendix on the CD included with this thesis.
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Standard errors were calculated for all points along the  lines which were used to 
calculate the 95% confidence intervals for each parameter. These were again plotted 
on a single graph, to enable visual inspection of whether there were any statistically 
significant differences  for the  dimensions  of the  selected parameters  between the 
ethnic  and  gender  sub-groups  according to  age  (Figure  54).  Overlap  of the  95% 
confidence  interval  lines  for  the  groups  at  any  age  suggested  no  evidence  of 
statistically significant differences in dimensions at that age.
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Figure 53. Example of the smooth fit lines for 
Indonesian and Caucasian males for parameter Ar-Pog.
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Figure 54. Example of the smooth fit lines and 95% confidence intervals for 
Indonesian and Caucasian males for parameter Ar-Pog.
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6.4. Results
6.4.1 Craniofacial morphology (Indonesians and Caucasians)
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Figure 55. Comparison of the cranial base parameters for Indonesian and Caucasian males
as shown in the 95% confidence interval graphs.
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Figure 56. Comparison of the maxillary parameters for Indonesian and Caucasian males as shown in
the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 56. Comparison of the maxillary parameters for Indonesian and Caucasian males 
as shown in the 95% confidence interval graphs.
182Comparison of craniofacial and cervical vertebrae morphology in
Indonesian and Caucasian children
E o  -
Age (yrs)
Sm ooth fit of Indonesian M ales 
Lower 95%  Cl of Indo M ales 
U pper 95%  Cl of Indo M ales
Sm ooth fit of C aucasian M ales 
Low er 95%  Cl of C auc M ales 
U pper 95%  Cl of C auc M ales
o _
Age (yrs)
Sm ooth fit of Indonesian M ales 
Lower 95%  Cl of Indo M ales 
U pper 95%  Cl of Indo M ales
Sm ooth fit of C au casian  M ales 
Low er 95%  Cl of C au c M ales 
U pper 95%  Cl of C auc M ales
Age (yrs)
Sm ooth fit of Indonesian M ales 
Lower 95%  Cl of Indo M ales 
U pper 95%  Cl of Indo M ales
Sm ooth fit of C aucasian M ales 
Low er 95%  Cl of C auc M ales 
U pper 95%  Cl of C auc M ales
Figure 57. Comparison of the mandibular parameters for Indonesian and Caucasian males
as shown in the 95% confidence interval graphs.
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Craniofacial morphology (Indonesian and Caucasian males)
For the majority of parameters there was no  evidence of a statistically  significant 
difference  between  Caucasian  and  Indonesian  males.  There  was,  however,  no 
obvious  overlap  of the  95%  confidence  interval  lines  for  S-N  suggesting  that the 
Caucasians were  significantly greater in dimension, with a magnitude of around 3 
mm at all ages. No overlap could be observed between the ages of 12 and  17 years 
for N-Ba, or for ANS-PNS until approximately  17 years of age.  For N-ANS, there 
was overlap at some ages but not others. Nevertheless, the differences for N-ANS 
were only in the region of 1   to 2 mm, and hence would be unlikely to be clinically 
relevant.
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Figure 58. Comparison of the cranial base parameters for Indonesian and Caucasian females
as shown in the 95% confidence interval graphs.
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Figure 59. Comparison of the maxillary parameters for Indonesian and Caucasian females as shown
in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 59. Comparison of the maxillary parameters for Indonesian and Caucasian 
females as shown in the 95% confidence interval graphs.
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Figure 60. Comparison of the mandibular parameters for Indonesian and Caucasian females
as shown in the 95% confidence interval graphs.
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Craniofacial m orphology (Indonesian and Caucasian fem ales)
For most parameters, there was no  evidence of statistically significant differences 
between Indonesian and  Caucasian females as  shown by  overlapping  of the 95% 
confidence interval lines. For S-N, N-Ba and ANS-PNS, overlap existed only at the 
younger  ages  (around  8  years  of  age)  which  suggest  statistically  significant 
differences  may  exist  between the  two  ethnic  groups,  with  the  Caucasians  being 
greater in dimension. These differences may be clinically relevant, especially for S-N 
and ANS-PNS (up to 3 mm). For N-ANS, there was no overlap between the ages of 
11 and 15 years, again, suggesting that statistically significant differences may exist. 
Nevertheless, the differences were only of a magnitude of 1   to  2 mm,  and hence 
would be unlikely to be clinically relevant.
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6.4.2.  Craniofacial morphology (Males and Females)
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Figure 61. Comparison of the cranial base parameters for Indonesian males and females
as shown in the 95% confidence interval graphs.
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Figure 62. Comparison of the maxillary parameters for Indonesian males and females
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 62. Comparison of the maxillary parameters for Indonesian males and females 
as shown in the 95% confidence interval graphs.
192Comparison of craniofacial and cervical vertebrae morphology in
Indonesian and Caucasian children
Sm ooth fit of Indonesian M ales  ------------------   Sm ooth fit of Indonesian Fem ales
Lower 95%  Cl of Indo M ales  ------------------   Lower 95%  Cl of Indo Fem ales
U pper 95%  Cl of Indo M ales  -------------------  U pper 95%  Cl of Indo Fem ales
Age (yrs)
Sm ooth fit of Indonesian M ales S m ooth fit of Indonesian F em ales
Low er 95%  Cl of Indo M ales  ------------------   Low er 95%  Cl of Indo F em ales
U pper 95%  Cl of Indo M ales U pper 95%  Cl of Indo F em ales
o
8
1
10
1   I
12  14
i
16
i
18
Age (yrs)
------------------  Sm ooth fit of Indonesian M ales  —
------------------  Low er 95%  Cl of Indo M ales  — ------------  Low er 95%  Cl of Indo F em ales
------------------  U pper 95%  Cl of Indo M ales  — ------------  U pper 95%  Cl of Indo F em ales
Figure 63. Comparison of the mandibular parameters for Indonesian males and females
as shown in the 95% confidence interval graphs.Comparison of craniofacial and cervical vertebrae morphology in
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Craniofacial m orphology (Indonesian m ales and fem ales)
In view of the fact that the age range for males was  10 to  17 years and for females 
was 8 to 15 years, comparisons between genders are restricted to the ages of 10 to 15 
years. For the selected parameters, there were no statistically significant differences 
between Indonesian males and females across the whole age range. For the cranial 
base  parameters  (S-N,  S-Ba  and  N-Ba),  there  were  no  statistically  significant 
differences up to 12 to 13 years of age as indicated by overlap of the 95% confidence 
interval lines. However, after the age of 12 to 13 years, the 95% confidence interval 
lines were divergent, which suggests evidence of statistically significant differences 
between the two gender groups, with the males being greater in dimension than the 
females. These differences became greater over time with a magnitude of more than 
3 mm in the older children, suggesting that they may be clinically relevant.
For  both  maxillary  and  mandibular  parameters,  overlap  of the  95%  confidence 
interval lines occurred from 10 to 14 years, indicating that there were no statistically 
significant differences between the two  groups.  Following this,  divergence  of the 
95%  confidence  interval  lines  was  observed  with  the  males  being  greater  in 
dimension then the females. Nevertheless, the differences ranged between only 1  to 2 
mm which is unlikely to be clinically relevant.
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Figure 64. Comparison of the cranial base parameters for Caucasian males and females
as shown in the 95% confidence interval graphs.
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Figure 65. Comparison of the maxillary parameters for Caucasian males and females
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 65. Comparison of the maxillary parameters for Caucasian males and females 
as shown in the 95% confidence interval graphs.
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Figure 66. Comparison of the mandibular parameters for Caucasian males and females
as shown in the and 95% confidence interval graphs.
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Craniofacial m orphology (Caucasian m ales and fem ales)
For the  majority  of parameters,  there  was  no  evidence  of statistically  significant 
difference  between  Caucasian  males  and  females  across  the  whole  age  range  of 
interest.  For  cranial  base  parameters,  there  was  overlap  of the  95%  confidence 
intervals  until  around  13  years,  suggesting  no  statistically  significant  differences 
between  the  two  gender  groups  prior  to  that  age.  However,  sexual  dimorphism 
became evident after 13 years as illustrated in Figure 65 where males showed larger 
dimensions than the females.
For the maxillary parameters ANS-PNS,  PNS-GoMe and ANS-Me overlap of the 
95%  confidence  intervals  occurred  across  all  ages,  indicating  no  significant 
differences  between  the  two  gender  groups.  However,  for N-ANS,  there  was  no 
overlap of the 95% confidence interval lines after the age of 14 years suggesting the 
Caucasian  males  showed  significantly  larger  dimensions  than  females.  The 
differences were small in magnitude and are unlikely to be clinically relevant.
For the mandibular parameters Ar-Pog and  S-Pog,  similar patterns to those of the 
cranial  base  were  observed  in  that  overlap  of the  95%  confidence  interval  lines 
occurred  until  approximately  13  years,  indicating  no  statistically  significant 
differences.  Sexual  dimorphism  became  evident  after  13  years,  with  the  males 
growing larger than the females. However, for Ar-Go there was overlap of the 95% 
confidence  intervals,  at  13  years and  later.  This  will  be  considered  further in the 
Discussion (Page 227).
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6.4.3.  Cervical vertebrae morphology (Indonesians and Caucasians)
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Figure 67. Comparison of morphology of the second vertebrae (c2) for Indonesian and Caucasian 
males as shown in the 95% confidence interval graphs.
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Figure 68. Comparison of morphology of the third vertebrae (c3) for Indonesian and Caucasian males
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 68. Comparison of morphology of the third vertebrae (c3) for Indonesian and 
Caucasian males as shown in the 95% confidence interval graphs.
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Figure 69. Comparison of morphology of the fourth vertebrae (c4) for Indonesian and Caucasian
males as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 69. Comparison of morphology of the fourth vertebrae (c4) for Indonesian and 
Caucasian males as shown in the 95% confidence interval graphs.
Cervical vertebrae morphology (Indonesian and Caucasian males)
For the majority of parameters, there was no clear evidence of significant differences 
between  the  two  ethnic  groups,  as  shown  by  the  overlap  of the  95%  confidence 
interval  lines.  However,  for  c2h  (anterior  height  of the  second  vertebrae),  c3ah 
(anterior  height  of the  third  vertebrae),  and  c4ah  (anterior  height  of the  fourth 
vertebrae), there was no overlap of the 95% confidence interval lines other than at 
the extremes of age.  This  suggests  statistically  significant differences between the 
two ethnic groups for these parameters,  with the Caucasian males being greater in 
dimension than the Indonesian males. Nonetheless, these differences were small in 
magnitude (1 to 2 mm) and are unlikely to be clinically relevant or of any predictive 
value.
Similar parameters (for example, c2c and c3c) showed lack of overlap of the 95% 
confidence  interval  lines  between  the  ages  of  10  and  15  years,  however,  the 
differences were very small (less than 0.5 mm) hence, again, would not be clinically 
relevant.
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Figure 70. Comparison of morphology of the second vertebrae (c2) for Indonesian and Caucasian
females as shown in the 95% confidence interval graphs.
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Figure 71. Comparison of morphology of the third vertebrae (c3) for Indonesian and Caucasian
females as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 71. Comparison of morphology of the third vertebrae (c3) for Indonesian and 
Caucasian females as shown in the 95% confidence interval graphs.
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Figure 72. Comparison of morphology of the fourth vertebrae (c4) for Indonesian and Caucasian
females as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 72. Comparison of morphology of the fourth vertebrae (c4) for Indonesian and 
Caucasian females as shown in the 95% confidence interval graphs.
Cervical vertebrae m orphology (Indonesian and Caucasian fem ales)
The graphs showed that,  for the majority of parameters, there were no  statistically 
significant differences between Indonesian and Caucasian females. However, for c2h 
(height of the  second vertebrae),  c3ah (anterior height of the third vertebrae),  and 
c4ah  (anterior  height  of the  fourth  vertebrae),  there  was  no  overlap  of the  95% 
confidence interval lines suggesting statistically significant differences between the 
two ethnic groups, with the Caucasian females being greater in dimension than their 
Indonesian  peers.  The  differences  were  only  around  2  mm,  therefore  it  is 
questionable how clinically relevant this would be.  It must also be noted that there 
was  minimal  overlap  of  the  95%  confidence  interval  lines  for  several  other 
parameters including c2w (width of the second vertebrae) but these differences were 
again small in magnitude (less than 1  mm) indicating that the differences are unlikely 
to be clinically relevant. It is also worth noting that there was a trend whereby the 
smooth fit line of the older children (around the ages of 14 years onward) appeared to 
be declining in dimension compared with the younger children for parameter c2h, 
c2w, c3w, and c4w. This will be considered further in the Discussion (Page 229).
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6.4.4.  Cervical vertebrae morphology (M ales and Fem ales)
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Figure 73. Comparison of morphology of the second vertebrae (c2) for Indonesian males and females
as shown in the 95% confidence interval graphs.
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Figure 74. Comparison of morphology of the third vertebrae (c3) for Indonesian males and females
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 74. Comparison of morphology of the third vertebrae (c3) for Indonesian males 
and females as shown in the 95% confidence interval graphs.
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Figure 75. Comparison of morphology of the fourth vertebrae (c4) for Indonesian males and females
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 75. Comparison of morphology of the fourth vertebrae (c4) for Indonesian males 
and females as shown in the 95% confidence interval graphs.
Cervical vertebrae morphology (Indonesian males and females)
The graphs showed that, for Indonesians, the dimensions of the cervical vertebrae 
were, for the majority of parameters, greater in females than in males, except for c2w 
(width of the second vertebrae), c3w (width of the third vertebrae), and c4w (width 
of the fourth vertebrae) where the males showed greater dimensions than the females. 
The females were initially greater in dimension but this was followed by the males 
showing “catching-up” growth.
It appeared that sexual dimorphism was evident on almost all parameters across the 
ages tested, except for c2h (height of the second vertebrae) where there was obvious 
overlap of the 95% confidence interval lines. For c2c (concavity depth of the second 
vertebrae), c3ah (anterior height of the third vertebrae), c3ph (posterior height of the 
third vertebrae), c4ah (anterior height of the fourth vertebrae), c4ph (posterior height 
of the fourth vertebrae) and c4c (concavity depth of the fourth vertebrae), the 95% 
confidence intervals overlapped at the extremities of ages and this may be due to the 
standard statistical phenomenon of a lack of precision in the information that can be 
obtained at the extremities of any data range (Armitage and Berry, 1994).
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U pper 95%  Cl of C a u c  M ales
Figure 76. Comparison of morphology of the second vertebrae (c2) for Caucasian males and females
as shown in the 95% confidence interval graphs.
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Figure 77. Comparison of morphology of the third vertebrae (c3) for Caucasian males and females
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 77. Comparison of morphology of the third vertebrae (c3) for Caucasian males 
and females as shown in the 95% confidence interval graphs.
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Figure 78. Comparison of morphology of the fourth vertebrae (c4) for Caucasian males and females
as shown in the 95% confidence interval graphs. (Continued on next page)
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(Continued) Figure 78. Comparison of morphology of the fourth vertebrae (c4) for Caucasian males 
and females as shown in the 95% confidence interval graphs.
Cervical vertebrae morphology (Caucasian males and females)
For Caucasians, the dimensions of the cervical vertebrae were, on average, larger in 
females than males, with the exception of c2w (width of the second vertebrae), c3w 
(width of the third vertebrae), and c4w (width of the fourth vertebrae) where males 
showed larger dimensions than females at most of the ages observed. The females 
were  initially  larger  in  dimension but the  males  the  exhibited  “catch-up”  growth 
around puberty.
Sexual dimorphism was evident in Caucasians for the majority of parameters tested 
as shown by overlap of the 95% confidence interval lines only at the age extremities. 
However, these differences were only in the region of 1   to 2 mm and therefore the 
clinical  relevance  is  doubtful.  For  c2h  (height  of  the  second  vertebrae),  c4ph 
(posterior height of the fourth vertebrae) and c4w (width of the fourth vertebrae), the 
overlap  of the  95%  confidence  interval  lines was  more  obvious,  suggesting these 
differences were not statistically significant.
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6.5.  Discussion
6.5.1.  Craniofacial morphology: Cranial base 
Anterior cranial base length (S-N)
The anterior cranial base length (S-N),  in both males and females, was greater in 
dimension in the Caucasian children than in the Indonesians (Figures 55 and 58). For 
males, there was a statistically significant difference (around 2 to 4 mm) between 
Indonesian and Caucasian children across all ages observed (Figure 55). There was 
also evidence of a statistically significant difference between the ethnic groups for 
females (Figure 58), although there was overlap of the 95% confidence interval lines 
at the age extremities (younger patients in this case) in females, which may be due to 
the small numbers of younger subjects included. The wider confidence intervals, or 
funnel effect, at the age extremities (around 16 years) is also likely to be due to the 
decreasing certainty with small sample sizes. These findings reflect lack of precision 
in the information that can be obtained at the extremities of any data range (Armitage 
and Berry, 1994).
There was evidence of sexual dimorphism for S-N in the Indonesians across almost 
all ages observed (Figure 61). However, in Caucasians, there was overlap of the 95% 
confidence interval lines until around  13 years of age, suggesting no evidence of a 
statistically significant difference between the genders until that stage (Figure 64). In 
both ethnic groups the trend indicated that following puberty, the males grew larger 
than females who had already reached a plateau in terms of dimensional changes.
Ursi et al.  (1993) reported that the anterior cranial base showed evidence of sexual 
dimorphism across all ages from 6 to  12 years of age. Following this, the females’ 
growth  reached  a  plateau,  whilst  the  males  continued  to  grow  larger.  This  is  in 
agreement with the present findings for the Indonesians. However for the Caucasians 
in this study, sexual dimorphism was not evident until around 13 years of age, when 
the males continued to grow larger while the females tended to remain constant in 
size. It is important to note that the Ursi et al. (1993) study was based on the Bolton-
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Brush Longitudinal Study (Ohio) which was undertaken in the 1930s, hence secular 
changes might have occurred between that time and the current study.
The shorter anterior cranial base of Indonesians compared with Caucasian children is 
in  agreement  with  previous  findings  where  the  dimensions  of  S-N  in  Asian 
populations (i.e. Japanese and Chinese) were found to be shorter than in Caucasians. 
Cooke and Wei (1989) reported a significantly shorter anterior cranial base length in 
a population of 12 year old Chinese patients in Hong Kong compared with British 
Caucasians.  Zeng  et  al.  (1998)  also  reported  smaller  dimensions  of the  anterior 
cranial base  for a Chinese population of 9 year olds  in comparison with  Swedish 
Caucasians.  In  addition,  Moate  and  Darendeliler  (2001)  compiled  cephalometric 
norms for a Chinese population from various published studies and concluded that 
the Chinese had a shorter anterior cranial base than Caucasians. Ishii (2002) reported 
similar  findings  for  Japanese  adult  females.  Therefore,  it  seems  that  the  shorter 
anterior  cranial  base  of Indonesians,  compared  with  Caucasians,  is  a  distinctive 
morphology for Asians. Nevertheless, the studies quoted above have used restricted 
populations such as:  adults only; single gender groups; or certain age groups only. 
Therefore, the values may not be generalisable. The current study plotted the mean 
dimensions  of the  anterior  cranial  base  for  a wide  age  range  in  each  ethnic  and 
gender  group,  thus  allowing  visual  inspection  of the  general  trend  of differences 
between the two ethnic and gender groups for this wider age range.
Cranial base morphology has been considered an aetiological factor in malocclusion 
(Hopkin et al.,  1968; Kerr and Adams,  1988; Dibbets,  1996).  The anterior cranial 
base comprises the nasal, frontal, ethmoid and sphenoid bones and these are in direct 
connection  with  the  upper  mid-face.  During  growth,  the  cranial  base  carries  the 
upper mid-face forward, inferiorly and laterally, hence deficiency in anterior cranial 
base growth is often accompanied by midfacial deficiency (Hopkin et al., 1968; Kerr 
and  Adams,  1988;  Dibbets,  1996).  A  shorter  anterior  cranial  base  is  evident  in 
individuals with Class I and Class III malocclusions compared with those with Class 
II malocclusions. This shorter anterior cranial base therefore seems to be a distinct 
feature  in  Asians,  in  combination  with  the  tendency  of  Class  III  malocclusion 
(Hopkin et al., 1968; Kerr and Adams, 1988; Dibbets,  1996; Dhopatkar et al., 2002;
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Ishii,  2002).  This  clearly  has  important  implications  in  orthodontic  treatment 
planning and the ethnic  norms  should be considered when planning treatment for 
each individual patient.
Posterior cranial base length (S-Ba)
In  the  current  study,  the  differences  between  the  two  ethnic  groups  for  S-Ba 
(posterior cranial base length) were not statistically significant (Figures 55 and 58) as 
shown by the overlap of the 95% confidence interval lines.
The influence of cranial base  flexure on the relative position of the mandible has 
been  recognised  (Anderson  and  Popovich,  1983).  It  seems  that  growth  of  the 
posterior cranial base may affect anterior and posterior face height in conjunction 
with  downward  and  forward  growth  of the  mandible,  as  well  as  affecting  the 
horizontal and vertical position of the mandible (Mitani,  1973,  Kasai et al.,  1995; 
Andria et al., 2004). In contrast, Dhopatkar et al. (2002) suggested that the cranial 
base is not a primary cause of malocclusion, but that malocclusions are primarily 
influenced  by  the  length  of the jaws  which  differ  significantly  between  different 
malocclusions.
Ishii  (2002)  reported  that  Japanese  adult  females  had  a  statistically  significantly 
longer  posterior  cranial  base  length  than  Caucasians.  In  the  present  study,  the 
Indonesians  showed no  statistically  significant difference  in posterior cranial  base 
length when compared with the Caucasians. This is, perhaps, another indication of 
different craniofacial morphological features between Indonesians and Japanese and 
suggests that orthodontic mechanics normally used in Caucasians may have to  be 
modified in Japanese, but may be acceptable for use in Indonesian patients. However, 
the Japanese findings may not be generalisable, especially for younger individuals.
There was no obvious sexual dimorphism for S-Ba in Indonesians until around  13 
years of age (Figure 61). However, after the age of 13 years, there was evidence of 
differences  in  that  the  males  attained  greater  dimensions  than  the  females.  In 
Caucasians, a similar pattern was observed (Figure 64).  Ursi et al.  (1993) reported
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that in their patients, sexual dimorphism of posterior cranial base measurement was 
not evident until the age of 16 years, when males then developed greater dimensions 
than females.
The  current  study  showed that the  growth trends  in posterior  cranial  base  length 
between Indonesians  and  Caucasians were  similar,  whereas previous  research has 
shown differences between Japanese and Caucasians. This suggests that orthodontic 
treatment which affects  anterior and posterior face heights,  as well  as the  antero­
posterior position of the mandible (such as functional appliances, Class II/III elastics, 
headgear  and  protraction  headgear),  may  be  used  in  a  similar  manner  in  both 
Caucasians and Indonesians.
Total cranial base length (N-Ba)
The dimensions of N-Ba were greater in Caucasians than Indonesians  (Figures 55 
and 58).  In males,  a statistically  significant difference  of 2 to 4 mm was evident 
between 13 and 17 years. There was overlap of the 95% confidence interval lines at 
the extremities of ages, with wider 95% confidence intervals at these ages (funnel 
effect). This overlap may be a reflection of imprecision or may be an indication of 
some “catch-up” growth in the older subjects.  In females, there was a statistically 
significant difference of 2 to 4 mm between the ethnic groups at all ages apart from 
the  8  year old  subjects.  However, the  findings  in the younger age group must be 
treated  with  some  caution  due  to  the  imprecision  of  the  parameter  estimates 
(Armitage and Berry, 1994).
There was no evidence of sexual dimorphism for N-Ba in the Indonesians until the 
age  of approximately  13  years  (Figure  61).  Following  that,  differences  became 
evident and a similar pattern was observed in the Caucasians (Figure 64). Again, this 
growth trend showed that the males continued to grow larger in dimension following 
puberty,  whilst  the  same  dimension  in  females  remained  relatively  constant  in 
females.
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Correlation of total cranial base length with certain craniofacial measurements in a 
Japanese  male  population  has  been  reported,  e.g.  mandibular  length,  mandibular 
body length, and face height (upper and lower) (Kasai et al.,  1995). Therefore, it is 
important to recognise the influence of the cranial base on maxillary and mandibular 
growth  and  consequently  in  orthodontic  treatment  planning.  This  is  especially 
important when dealing with patients from different ethnic groups, with the maxilla 
being most closely related to the anterior cranial base and the mandible most closely 
related to the middle and posterior regions of the cranial base.
6.5.2.  Craniofacial m orphology: M axilla
M axillary length (ANS-PNS!
ANS-PNS (maxillary length) was longer by around 2 to 4 mm in Caucasian males 
and  females  than  in  their  Indonesian  peers  and  the  differences  were  statistically 
significant at most of the ages observed (Figures  56 and  59).  In males, there was 
overlap of the 95% confidence interval lines in the older patients, whereas in females, 
the overlap occurred in the younger patients. The reasons behind these findings are 
discussed on page 226. Maxillary length in Indonesians was also shorter than in the 
Caucasian  subjects  in the  studies  by  Bhatia and  Leighton  (1993)  and  Ochoa and 
Nanda (2004).  The findings of the current study are in agreement with Cooke and 
Wei (1989),  as well as Zeng et al.  (1998),  who reported  statistically  significantly 
smaller horizontal  dimensions  of the  maxilla  in  Chinese  children  compared  with 
Caucasians. This suggests that mid-facial retrusion is a distinct morphological feature 
in Asians, in addition to a deficiency in the anterior cranial base which accompanies 
this feature (Hopkin et al.,  1968; Kerr and Adams,  1988; Dibbets,  1996; Dhopatkar 
et  al.,  2002).  Ishii  (2002)  found  no  statistically  significant  difference  between 
Japanese and Caucasians. However, it must be remembered that his study included 
only adult Japanese females and might not reflect the situation in younger age groups.
Sexual  dimorphism was  not evident  for maxillary length in either Indonesians  or 
Caucasians (Figures 62 and 65). In Indonesians, the males showed a trend for greater 
maxillary length than in females at around 15 years of age. This may be due to the
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males showing “catch-up” growth after puberty. This is in agreement with Ursi et al. 
(1993) who found that statistically significant sexual dimorphism only occurred after 
the age of 14 years.
Lower anterior face height (ANS-Me)
Similarly, for ANS-Me, there was no evidence of statistically significant differences 
between the  ethnic  groups  for  either males  or females  (Figures  56  and  59).  This 
suggests  that  orthodontic  treatment  mechanics  which  may  increase  lower  anterior 
facial  height  (for  instance:  bite  planes,  Class  II  elastics,  and  reverse  curved  arch 
wires)  may  be  similarly  applied  in  Indonesians  and  in  Caucasians,  as  neither 
population shows a tendency to increased vertical growth. However, it must be borne 
in mind that this study looked at patients with “normal” facial proportions and these 
findings may not apply to those with skeletal disproportion.
There was no evidence of sexual dimorphism up to the age of 13 years (Figures 62 
and 65). Following this, in both ethnic groups, the males continued to grow greater in 
dimension  than  females.  This  was  more  obvious  in  the  Indonesians  than  the 
Caucasians.
Upper  anterior  face  height  (N-ANS)  and  Lower  posterior  face  height  (PNS- 
GoMe)
For N-ANS (upper anterior facial height), the dimensions were greater in Indonesian 
children than  in  Caucasians  (Figures  56  and  59).  However,  the differences  for N- 
ANS in males were statistically significant only in the age ranges of 11  to  13 years 
and then from 15 years onwards. These differences were only in the region of 1  to 2 
mm, so the clinical relevance is questionable. In females, the differences for N-ANS 
were  statistically  significant  between  11  and  15  years  but  were,  again,  of small 
magnitude (1  to 2 mm), hence they are unlikely to be relevant clinically. There was, 
some overlap at the extremities of ages.
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The differences for PNS-GoMe were not statistically significant between genders in 
either ethnic group (Figures 56 and 59). Nor was there any clear evidence of sexual 
dimorphism for upper anterior facial height and lower posterior facial height until 
around  14  to  15  years  of age  in  either  ethnic  group  (Figures  62  and  65).  Some 
differences may exist at the older ages in Indonesians and for N-ANS in Caucasians, 
however this may also be attributed due to the small sample sizes at these ages.
In Caucasian males and Indonesian females, the N-ANS growth curve demonstrated 
a negative gradient from  15 years onwards. This is a reflection of the limitation of 
using cross-sectional data to analyse growth and this pattern would clearly not have 
occurred in a longitudinal study. A similar pattern was also observed for ANS-Me in 
Indonesian females.
Even  though  the  Indonesians  had  shorter  anterior  cranial  bases  and  mid-facial 
retrusion (shorter maxillary length) compared with the Caucasians, the lower anterior 
and lower posterior face heights were not different by a clinically relevant extent. 
This  suggests  that  orthodontic  treatment  modalities  which  may  increase  facial 
heights can be similarly used in Caucasians and Indonesians.  In contrast, Japanese 
patients showed a significant increase in upper anterior facial height, as well as the 
lower posterior facial height, compared with Caucasians (Ishii, 2002). Ishii’s findings 
were  in  agreement  with  Miyajima  et  al.  (1996)  who  also  reported  a  statistically 
significant  greater  lower  anterior  facial  height  in  adult  Japanese  females  than 
Caucasians, but not in males. These results indicate another distinct feature between 
Japanese and Indonesians and suggest that, orthodontic mechanics which may lead to 
increases in  facial  height should perhaps be used with greater caution in Japanese 
patients than in Caucasians and Indonesians.
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6.5.3.  C raniofacial m orphology: M andible
M andibular  unit  length  (Ar-Pog).  M andibular  ram us  height  (A r-G oh  and 
M andibular length relative to cranial base (S-Pog)
For  all  mandibular  parameters  there  was  no  evidence  of statistically  significant 
differences between the two ethnic groups (Figures 57 and 60). Nor was there any 
evidence of sexual dimorphism for the majority of mandibular parameters in either 
ethnic group (Figures 63 and 66). The trend was for the male and female curves to 
become divergent after the age of 13 years, suggesting that males grew more during 
and  after  puberty  than  females.  Similarly,  Ursi  et  al.  (1993)  also  reported  that 
Caucasian males were larger in dimension for mandibular length, throughout all ages 
observed, compared with females and the differences became evident only after the 
age of 14 years.
The findings of the present study are similar to those of Cooke and Wei (1989) who 
reported that there were  no  statistically significant differences  for mandibular unit 
length between 12 year old Chinese and Caucasian patients. In contrast, Ishii (2002) 
found that the greater dimension of the mandibular ramus height (Ar-Go) in Japanese 
was statistically significantly different to that of Caucasians.  However,  his sample 
was based on adult Japanese females, therefore it might not apply in younger patients. 
Miyajima  et  al  (1996)  also  reported  statistically  significantly  greater  mandibular 
dimensions in adult Japanese males than in Caucasians, but this did not occur for 
females.
It must be noted that, in Indonesian females (Figure 60), the growth curve of S-Pog 
exhibited a negative gradient from  14 years onwards.  This was a reflection of the 
limitations of using cross-sectional data to analyse growth, hence the interpretations 
of these results should be made with caution.
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6.5.4. G eneral sum m ary o f craniofacial m orphology
Overall, the Indonesians had a significantly shorter anterior cranial base length and 
shorter maxillary length compared with the Caucasians. Facial height parameters as 
well as mandibular parameters were similar in both ethnic groups. For the majority 
of parameters, sexual dimorphism became evident after  13 to  14 years where there 
were trends for the males to grow more than females.
These  findings  were  in  agreement  with  Johnson  et  al  (1978)  who  reported  that 
Indonesian  children  presented  an  intermediate  picture  between  Caucasian  and 
Chinese  subjects.  The  Indonesians  were  more  likely  to  develop  Class  I  molar 
relationships than the Caucasians with a slight increase in ANB, which may be due to 
Nasion being positioned more posteriorly (perhaps due to a smaller frontal  sinus). 
Subjects also had a normal  oveijet and overbite  but increased  incisor proclination 
(bimaxillary proclination) (Johnson et al.,  1978).  Hence, the findings of this study 
suggest  that  orthodontic  treatment  modalities  which  may  affect  facial  heights  or 
antero-posterior position of the mandible could be applied in Indonesians as they are 
used in Caucasians.
It must be noted that on some occasions, the confidence interval lines were divergent 
at the extremes of age, this may be due to smaller sample  sizes at these ages thus 
leading to less precise estimates of the parameters. This is  in addition to the standard 
statistical phenomenon of a lack of precision in the information that can be obtained 
at the extremities of any data range (Armitage and Berry, 1994). Some of the growth 
curves  also  exhibited  negative  gradients,  especially  in  the  older  children,  which 
illustrates one of the limitations of using cross-sectional data to analyse growth.
6.5.5. C ervical vertebrae m orphology:  Second vertebrae (c2)
For c2 morphology, the only parameter which showed clearly significant differences 
between the two ethnic groups was height (c2h), where the Caucasians were greater 
in dimension in both males and females (Figures 67 and 70). These differences were 
of a magnitude of around 2 mm, hence the clinical relevance is questionable. There
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was also statistically significant differences for c2c in males and c2w in females, but 
the differences were only evident up to the age  of 14 years.  All these differences 
were small in magnitude (around 1  mm), which are unlikely to be clinically relevant.
The  concavity of the  second  vertebrae  (c2c) has  been  used  in  skeletal  maturation 
assessment using the CVM Index (Baccetti et al., 2002). The current study showed 
that  there  was  no  evidence  of  statistically  significant  and  clinically  relevant 
differences  between  Indonesians  and  Caucasians  for  c2,  except  for  perhaps  c2h 
(Figures 67 and 70). Hence, it appears that c2c is valid for use in Indonesian subjects 
when utilising the CVM Index.
Sexual dimorphism was evident for both ethnic groups, except for c2h where there 
was marked overlap of the 95% confidence interval lines up to the age of 14 years. 
For c2c in Caucasians, there was overlap of the 95% confidence interval lines at the 
age extremities (Figures 73 and 76). Following the age of 14 years, the growth trend 
showed divergence of the 95% confidence interval lines, suggesting potential “catch­
up” growth  following puberty.  Females  showed  greater dimensions  in both ethnic 
groups for c2c at most of the ages observed but males showed greater dimensions for 
c2w across all ages observed. Hellsing (1991) found that the anterior and posterior 
height  of the  cervical  vertebrae  were  greater in  females.  In  contrast,  Grave  et al. 
(1999) reported more variation, but on average, the Caucasian and Aboriginal males 
were larger in dimension compared with their female peers.
For c2h and c2w in females, the growth curves exhibited negative gradients in the 
older children. Again, this reflects the inherent limitation of using a cross-sectional 
study to analyse growth.
6.5.6.  C ervical vertebrae m orphology: Third vertebrae (c3)
There  were  statistically  significant  differences  between the  two  ethnic  groups  for 
c3ah  (anterior  height  of  the  third  vertebrae)  in  males  and  females  and  these 
differences were in the order of 1   to 2 mm (Figures 68 and 71). In both males and 
females, the Caucasians showed larger c3ah dimensions than the Indonesians.
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For c3ph (posterior height of the third vertebrae) and  c3c (depth concavity of the 
third vertebrae) in males, there was no overlap of the 95% confidence interval lines 
at  most  ages  observed,  suggesting  potential  differences  between  the  two  ethnic 
groups. However, any differences were too small to be considered clinically relevant. 
Whilst for c3w (width of the third vertebrae), there was no evidence of a statistically 
significant difference.
The  third  vertebra  is  also  used  in  skeletal  maturation  assessment  using the  CVM 
Index. The changes in shape of the anterior/posterior height, width and concavity are 
used for classification.  The current study  showed that the majority of the cervical 
vertebrae parameters can be used and interpreted similarly for both Indonesians and 
Caucasians.  The exception to this is c3ah where there were statistically significant 
differences.  However,  the  differences  were  small  and  unlikely  to  be  clinically 
relevant (1 to 2 mm), therefore, this parameter may still be used clinically with some 
caution.
Sexual  dimorphism was evident for all parameters where, on average, the females 
appeared to be larger than males except for c3w (width of the third vertebrae) in both 
Indonesians and Caucasians (Figures 74 and 77). There was also a consistent pattern 
for c3ah and c3ph for both ethnic groups where initially the females showed greater 
c3  dimensions  than  males,  but  following  puberty,  the  males  showed  “catch-up” 
growth.  This  is,  again,  in  agreement  with  Hellsing  (1991)  who  showed  that  the 
vertebral heights of females were greater in dimension than males until 15 years, and 
then the males showed “catch-up” growth after puberty.
6.5.7.  C ervical vertebrae m orphology: Fourth vertebrae (c4)
On average,  there  was  no  evidence  of statistically  significant  differences  between 
Indonesians and Caucasians, except for c4ah (anterior height of the fourth vertebrae) 
where there were virtually no overlap of the 95% confidence interval lines except at 
the age extremities for both males and females (Figures  69 and 72).  In males and 
females, the Caucasians showed greater c4ah dimensions than the Indonesians. The 
differences for c4ah were in the region of only 1   to 2 mm, which is of questionable
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clinical relevance. For c4w in females, the growth curves showed negative gradients 
at the  extremes of age.  The reasons for which have been discussed earlier.  These 
results showed that these cervical vertebrae parameters, as part of the CVM Index, 
can be used and interpreted similarly in both Indonesians and Caucasians.
Sexual dimorphism was evident for most parameters, except for c4ph in Caucasians 
(Figures  75  and  78).  The  remaining  parameters  showed  significant  differences 
between  the  ages  of  11  and  14  years  (across  all  ages  observed  for  c4w  in 
Indonesians).  The  females  were  larger than the  males,  except c4w  in both  ethnic 
groups. Again, this is in agreement with Hellsing (1991) who found that the heights 
of the vertebrae for females were greater than the males up to the age of 15 years. In 
the current study, there were also consistent patterns for c4ah and c4ph in both ethnic 
groups, whereby the trend started with females being greater in dimension initially, 
and then the males showed “catch-up” growth following puberty.
6.5.8. G eneral sum m ary o f cervical vertebrae m orphology
Sexual  dimorphism  was  evident  for cervical  vertebrae  morphology  in  both  ethnic 
groups.  The general trend was that females were initially larger than the males for 
almost all parameters, except the width of the vertebrae where males were larger. It 
was  also  noted that,  especially for anterior and posterior heights  of the  vertebrae, 
there was “catch-up” growth by the males at around 13 to 14 years of age. Hellsing’s 
(1991) findings support the fact that the vertebral body heights are greater in females 
up to the age of 15 years. These findings are also in agreement with Baccetti et al. 
(2002) who proposed that females develop earlier than males in terms of the cervical 
vertebrae dimensions.
6.5.9. G eneral D iscussion
There  were  few  statistically  significant  differences  in  craniofacial  morphology 
between Indonesians and Caucasians, even though the Indonesians tended towards 
generally  smaller  dimensions.  Some  parameters  did  show  statistically  significant 
differences, but these were small in magnitude (around  1   to 2 mm) and would be
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unlikely to  be  clinically  relevant.  The  exception to  this was  S-N  (anterior cranial 
base), N-Ba (total cranial base length) and ANS-PNS (maxillary length) where the 
differences were around 2 to 4 mm for both males and females and therefore reach 
levels that are clinically relevant.
Similar results were also observed for the cervical vertebrae morphology where the 
differences in size between the two ethnic groups were not statistically significant for 
the majority of parameters.  Even though there  were  some parameters  which were 
statistically significant, the differences were, again, unlikely to be clinically relevant. 
The findings of the present study support the findings of Baccetti et al. (2002) where 
the concavity of the lower border of the cervical vertebrae can be used as a growth 
indicator in Indonesian population.
Sexual  dimorphism  was  evident  for  S-N  in  Indonesians.  For  the  rest  of  the 
craniofacial parameters in both ethnic groups, sexual dimorphism was evident only 
after the  age  of 13  to  15  years.  Whilst  for cervical  vertebrae  morphology,  sexual 
dimorphism was evident for most of the parameters, with females being generally 
larger than males,  except c2h in both ethnic  groups,  c4ph and c4w in  Caucasians 
when males were larger than females
This study was limited to a description of ethnic differences between craniofacial and 
cervical vertebrae morphology. The fact that this study was based on cross-sectional 
data means that the data must be interpreted with some caution.
6.6.  Conclusions
o  For  the  majority  of parameters,  there  was  no  evidence  of statistically 
significant differences in craniofacial and cervical vertebrae morphologies 
between  Indonesians  and  Caucasians.  Even  though  there  were  some 
statistically significant findings, these differences were unlikely to be of 
sufficient  magnitude  to  be  clinically  relevant  in  the  majority  of cases. 
Hence,  this  suggests  that  most  of the  orthodontic  treatment  modalities 
used in Caucasians may also be applied in Indonesians.
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o  The  current  study  agreed  with  previous  findings  with  regard  to  the 
validity of using cervical vertebrae parameters as growth indicators in the 
CVM Index for Indonesian subjects, 
o  There  was  evidence  of  sexual  dimorphism  in  the  cervical  vertebrae 
dimensions  whereby  the  females  tended  to  develop  earlier than  males. 
There was, however, “catch-up” growth by the males following puberty.
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Dear Or.  Soegiharto,
Thank you for revising your manuscript,  "Assessment of skeletal 
maturation in  Indonesian and Caucasian children using hand-wrist and cervical 
vertebrae methods,"  and resubmitting it to the American Journal of 
Orthodontics & Dentofacial Orthopedics.  You have successfully addressed the 
reviewers'  concerns and I  am pleased to accept the paper for
publication.  It will make a fine contribution to the orthodontic literature.
When we approach the publication date,  we will  forward your submission 
to the production department where the paper will be readied for 
printing.  The production department will send you an email when the proof is 
ready for your approval.
Thank you for submitting your work to this journal.  I look forward to 
seeing the article in print.
With kind regards,
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Re: Dr. Benny Soegiharto 
Dear Sir/Madam:
1  am writing to confirm that Dr.  Soegiharto will be visiting our department next year for the 
purpose of his research study.  He  will  be collecting data  using our hand-wrist radiographs 
and cephalometric radiographs archive as well as doing an elective visit to our clinic.
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APPENDIX 5
STATA Syntax Commands
1. Construction of growth curve and velocity growth curve
For  Indonesians,  the  code  was  “0”,  whilst  for  Caucasians  was  “1”.  For  males,  the 
code was “0”, whilst for females, it was “ 1”
l a b   v a r   ARPOG  "A rP og  (mm)"
r u n n in g   ARPOG  AGE  i f   (ETHNICGR==0  &   GENDER==0),  genb(ARPOG_G_I_M ) 
l a b   v a r   ARPOG_G_I_M  " G r a d i e n t   f o r   A rP o g " 
g ra p h   e x p o r t  ARPOG_G_I_M.wmf 
s o r t   AGE
s c a t t e r   ARPOG_G_I_M  AGE  i f   (ETHNICGR==0  &   GENDER==0),  m sy m b o l(i)  c o n n e c t (1) 
g ra p h   e x p o r t  ARPOG  V  I  M.wmf_________________________________________________________________________________
g s o r t   -ARPOG  G  I  M
g en   p e a k a g e   ARPOG  G  I  M=AGE[1]  i f   (ETHNICGR==0  &   GENDER==0)
2. ROC Curve
g en   F l= l  i f   (FISHMAN==1) 
r e p l a c e   F1=0  i f   (FISHMAN~=1)
up to
g en   F l l = l   i f   (FISHMAN==11)  
r e p l a c e   F11=0  i f   (FISHMAN~=11)
g en   B l= l  i f   (BACCETTI==1)  
r e p l a c e   B1=0  i f   (BACCETTI~=1)
up to
g en   B 5=l  i f   (BACCETTI==5) 
r e p l a c e   B1=0  i f   (BACCETTI~=5)
l a b e l   d e f i n e   p e a k   in d   0  "N ot  r e a c h e d   p e a k "   1  "H as  p e a k e d "
g en   p e a k   ARPOG  I  M  =  0  i f   (AGE<peakage_ARPOG_G_I_M   &   ETHNICGR==0  &
GENDER==0)
r e p l a c e   p e a k   ARPOG  I  M  =1  i f   (AGE>=peakage_ARPOG_G_I_M   &   ETHNICGR==0  &  
GENDER==0)
l a b e l   v a lu e s   p e a k   ARPOG  I  M  p e a k _ in d
r o c t a b   peak_ARPOG_I_M   BACCETTI  i f   (GENDER==0  &   ETHNICGR==0),  t a b l e  
d e t a i l
r o c t a b   peak_ARPOG_I_M   FISHMAN  i f   (GENDER==0  &   ETHNICGR==0),  t a b l e  
d e t a i l
ro cco m p   peak_ARPOG_I_M   BACCETTI  FISHMAN  i f   (GENDER==0  &   ETHNICGR==0), 
g ra p h   sum m ary
g ra p h   e x p o r t  ROC  p e a k   ARPOG_I_M. wmf
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3. Comparison of craniofacial and cervical morphologies between Indonesian 
and Caucasian subjects
l a b   v a r   ARPOG  "A rP og  (mm)"  I
r u n n i n g   ARPOG  AGE  i f   (ETHNICGR==0  &   GENDER==0),  g e n (ARPOG_FITVAL_I_M) 
gense(A R PO G _SE_I_M )
r u n n i n g   ARPOG  AGE  i f   (ETHNICGR==0  &   GENDER==1),  gen(A RPO G _FITV A L_I_F) 
gense(A R P O G _S E _I_F )
l a b   v a r   ARPOG_FITVAL_I_M  "S m o o th   f i t   o f   I n d o n e s i a n   M a le s"
l a b   v a r   ARPOG_FITVAL_I_F  "S m o o th   f i t   o f   I n d o n e s i a n   F e m a le s "   I
s c a t t e r   ARPOG_FITVAL_I_M  ARPOG_FITVAL_I_F  A G E ,le g e n d (s i z e (s m a l l )) 
y t i t l e ( A r P o g   (mm))  m sym bol  (i  i)  c o n n e c t  (1  1)  c l c o l o r   ( b lu e   d k g re e n )
I  g r a p h   e x p o r t   ARPOG_FITVAL_I_M _F.wmf 
r u n n i n g   ARPOG  AGE  i f   (ETHNICGR==0  &   GENDER==0),  c i  
r u n n i n g   ARPOG  AGE  i f   (ETHNICGR==0  &   GENDER==1),  c i  
g e n   ARPOG__LCI_I_M=  A RP0G _FITV AL_I_M -2*ARP0G_SE_I_M  
g e n   ARPOG_UCI_I_M =  ARPOG_FITVAL_I_M+2*ARPOG_SE_I_M 
g e n   A RPO G _LCI_I_F=  A RP0G _FITV A L_I_F-2*A R PO G _SE_I_F 
g e n   ARPOG _UCI_I_F=  A RP0G _FITV A L_I_F+2*A RP0G _SE_I_F 
l a b   v a r   ARPOG_LCI_I_M   "L ow er  95% CI  o f   In d o   M a le s"
l a b   v a r   A RPO G _LCI_I_F  "L ow er  95% CI  o f   In d o   F e m a le s "
l a b   v a r   ARPOG_UCI_I_M  "U p p er  95% CI  o f   In d o   M a le s"
l a b   v a r   ARPOG _UCI_I_F  "U p p er  95% CI  o f   In d o   F e m a le s "   I
s c a t t e r   ARPOG_FITVAL_I_M  ARPOG_FITVAL_I_F  ARPOG_LCI_I_M   A RPO G _LCI_I_F 
ARPOG_UCI_I_M  ARPOG_UCI_I_F  A G E ,le g e n d (s i z e (s m a l l ))  y t i t l e ( A r P o g   (mm)) 
m sym bol  (i  i   i   i   i   i)  c o n n e c t  (111111)  c l c o l o r   (b lu e   d k g r e e n   e b b lu e  
e b b l u e   e l t g r e e n   e l t g r e e n )
g r a p h   e x p o r t   ARPOG  I M F   C l.w m f___________________________________________________________________________
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